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ABSTRACT 


The  results  of  the  initial  12-inonth  period  of  the  current  24-raonth  program 
on  the  analytical  and  experimental  characterization  of  the  physical  properties 
of  selected  liquid  propellants  are  presented  in  three  phases.  In  Phase  I, 
a  continuous  review  of  the  literature  was  conducted  to  ensure  the  acquisition 
and  documentation  of  the  latest  possible  propellant  properties  data  for 
evaluation  and  posaihle  inclusion  into  a  propellant  properties  handbook. 

Phase  II  experimental  efforts  have  resulted  in  the  measurement  of  chlorine 
trifluoride  density  and  vapor  pressure;  sonic  velocity  in  chlorine  tri¬ 
fluoride  and  chlorine  pentafluoride;  nitrogen  gas  solubility  in  chlorine 
pentafluoride;  specific  heat  of  UDMII,  50  v/o  hydra2inc-50  w/o  IIDMII,  end 
MHF-3i  thermal  conductivity  of  UDMII,  MUF-3,  and  MlIF-5;  and  viscosity  of 
chlorine  pentafluoride.  Phase  III  efforts  included  the  evaluation  and 
assembly  of  all  data  generated  in  Phases  I  and  II,  preparation  of  complete 
physical  property  bibliographies  for  diboranc  and  hydrazine,  and  assembly 
of  hydrazine  physical  properties  data. 
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INTRODUCTION 


(u)  Under  Contract  AP04(6ll)-10546,  Rocketdyne  initiated  a  12-niopth  analytical 
and  experimental  program  on  the  rational  and  systematic  physical  character¬ 
ization  of  selected  liquid  rocket  propellants.  This  program  vas  designed 
as  a  primary  step  in  the  elimination  of  the  data  gaps  which  have  hindered 
propellant  utilization  and  development  in  the  past.  The  overall  program 
I  objective  was  to  assemble  and  experimentally  complete  the  data  on  essential 

physical  properties  of  current  and  near-term  liquid  rocket  propellants 
'  over  temperature  and  pressure  ranges  of  practical  use  to  propulsion 

engineering. 

(u)  This  initial  program,  conducted  in  three  interrelated  phases,  was  completed 
^  on  31  March  1966  (Ref.  l).  During  the  effort,  a  compilation  of  physical 

properties  data  was  made  as  a  result  of  an  extensive  literature  survey. 
Experimental  efforts  resulted  in  the  measurement  of:  (l)  the  thermal  con- 
j  ductivity  of  N2lIj^-(CH^)2N2H2(50-50)  and  CII^N^H^;  (2)  IRINA  and  CIP^.  sonic 

velocity  (and  calculation  of  compressibility);  (3)  CIP^  and  CU^Ngllj  specific 
'  heat,  and  correction  of  CIP^  specific  heat  data;  (4)  ClPj  phase  properties; 

and  (4)  the  design  and  assembly  of  apparatus  for  measurement  of  inert  gas 
solubility  in  liquids  and  liquid  viscosities  at  extended  temperatures  and 
pressures.  Analytical  efforts  included  the  assembly  and  evaluation  of 
physical  property  data  on  MIFP-l,  MUP-3,  MIIP-5,  CIP^,  and  CIP^  for  future 
correlation  and  summary  publication. 

» 

I 

(u)  The  present  three-phase  program,  being  conducted  under  Contract  AF04(6ll)-l 1407, 
•  represents  a  24-month  extension  and  expansion  of  the  objectives  ot  the 

previous  effort.  Phase  I  effort  consists  of  a  'ontinuous  review  of  the 
i  current  literature  to  document  i.p-rtod  propellant  properties.  In  Phase  II, 

^  effort  ia  di  rected  at  the  experimental  determination  of  unavailable  en— 

I  gineerfng  data  for  selected  oxidizers  and- fuels  which  are  required  to 


Phases  I  and  II  and  presentation  of  the  valid  data  in  an  annual  technical 
report . 

(u)  This  report  describes  each  phase  of  the  present  program  in  terms  of  the 
objective  and  BuiBiiarizea  the  results  and  accomplishments  achieved  during 
the  first  12  months. 


a 


f 


SWMARY 

*  ■ 

(u)  Analytical  and  experimental  research  conducted  during  the  initial  12-month 
period  of  the  current  24-month  program  on  the  rational  and  systematic  phys¬ 
ical  characterization  of  selected  liquid  rocket  propellants  is  described 
in  three  phases. 

(u)  Phase  I  consisted  of  a  continuous  reviev  of  the  current  literature  and 

efforts  of  other  investigators  in  the  field  to  ensure  the  acquisition  and 
documentation  of  the  latest  possible  propellant  properties  data  for  evalua¬ 
tion  and  possible  inclusion  into  a  propellant  properties  handbook.  During 
this  survey,  a  preliminary  screening  of  3894  reports  resulted  in  the  de¬ 
tailed  reviev  of  461  reports  for  potentially  pertinent  data. 

(U)  The  experimental  characterization  of  ss.ientlal  physical  properties  of 

selected  propellants  vas  conducted  under  Pliase  II.  Experimental  efforts 
were  directed  at  measurements  of  phase  properties,  sonic  velocity  (and 
conpressibility),  inert  gos  solubility,  specific  heat,  theroal  conductivity, 
and  viscosity  of  selected  propellants  in  an  order  related  to  their  im¬ 
portance  to  the  Air  Force.  During  the  Initial  12-month  period  of  the 
present  contract,  Hiasc  II  experimental  efforts  have  resulted  in  the 
measurement  of  chlorine  trifluoride  density  and  vapor  pressure;  sonic 
velocity  in  chlorine  trlfluorldo  and  chlorine  pentaf luoride ;  nitrogen  gas 
solubility  in  chlorine  pmtafluoridei  specific  heat  of  DDMlf,  hydrazlne- 
UDMll  (3O-5O)  and  KirF-3j  thermal  conductivity  of  lfiiP-3  and  M!tP~5! 

and  viscosity  of  chlorine  pentafluoride. 

(U)  A  Poole-Nyherg  densimeter  vas  used  to  extend  the  saturated  liquid  ClF^ 

density  data  to  the  temperature  range  of  -22  to  -8  C  (-8  to  Ifl  F).  Thess 
data  vere  correlated  vlth  previous  data  and  curve  fit  over  a  temperature 
range  of  -22  to  I6I  C  (-8  to  yj'J!  F)  vlth  the  following  tquaiions; 

f‘(p./cc)  ■  V)  *  .  10-’  .  10-" 


3 


•nd 


I  P(ii,/cu  ft)  “  121.360  -  1.226  X  10~^  +  2.127  x  10“*  -  8.850  x  10“^ 

i 

I 

(u)  Vapor  pressure  data  for  CIF^  vere  obtained  over  the  temperature  range  of 
42.9  to  147.6  C  (108  to  298  F),  using  a  constant-Tolume  vapor  pressure  bomb. 
Additional  vapor  pressure  data  are  being  determined  in  this  and  the  critical 
temperature  region  to  extend  presently  available  data. 


I 


t 

i 

t 


(u)  Measurements  of  sonic  velocity  in  liquid  CIF^  and  CIF^  vere  conducted  at 
saturated  liquid  conditions  and  under  pressures  of  500  and  1000  psia.  The 
data  for  saturated  liquids  vere  curve  fit  vith  the  folloving  equations  over 
the  indicated  temperature  ranges: 

CIF,  «(a/,ec)  “  1755  -  4.074  +  5.936  x  iO"^  (-77  to  69  c) 

.•  Y 

and 

®(ft/sec)  ’  5758  -  7.426  ♦  6.011  x  10'^  pj 

CIF,  C(a/,„)  -  1951.8  -  3.7508  (-59.:  to  74.5  C) 

and 

®(ft/sec)  "  1^(r)  ^"75. 5  to  166.1  F) 

(ij)  Adiabatic  compressibilities  calculated  from  these  data  esiablished  the  follow¬ 
ing  relationships  for  saturated  liquid  CIP^  and  CIF^; 

CIF,  /5(,tm"l)  “  *‘*565  x  10“*  ♦  1.3942  x  10“^  t^pj  ♦  1.2708  x  10“® 
1.4680  X  10"'®  ♦  9.6855  x  lo"'’  t^g^' 
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^(psla"^^)  ^'^^5  *  10“^  +  4.0065  x  10"®  + 

1.4103  X  10“^°  +  9.0915  X  10"^^  + 

6.2782  i  10-^5 

ciy,  V«“')  ‘  ^  *(C)  ^ 

3.7345  X  10"7  +  2.6649  x  lO"^  + 

2.1283  X  10^'^ 

•nd 

^(pala"*)  “  ^  '•®®57  x  lO"®  t^yj  + 

5.7058  X  10"9  t^yj^  +  1.3434  X  10“"  t^yj5  + 

1.3795  X  10"'5  t^yj' 

(U)  Aa  »  reault  of  BH>aBurem(<nta  of  nitrogen  gaa  aolubiliiy  in  CIF^.,  a  90  F 
aoluMlity  point  of  2.35  x  10"5  lb  Ng/lb  ClF^-pai  waa  eatabliahed  at  a 
total  preaaure  of  350  paia.  A  act  of  data  at  120  F  contained  valuea  froa 
2.58  X  10  5  to  3.28  X  10  5  lb  Ng/lb  ClFj-pal  for  total  preaaurea  from 
400  to  910  paia. 

(U)  Specific  heat  acaanrenenta  were  made  on  UI)^Bf,  NyH^-l)I>Mri(5O-50),  and 

MiP-3  uaing  an  adiabatic  calorimeter.  The  apecific  heat  of  UD^3I  vaa  de¬ 
termined  over  a  temperature  range  of  1.7  to  70.5  C  (35  to  159  V)\  however, 
aoae  diacrepanclea  were  noted  in  the  datn  with  the  uae  of  different  apparatua 
aaaple  chambera.  The  apecific  heat  data  reaulting  from  meaaurementa  on 
N2Hj^-l)DMlt(50-50)  were  curve  fit  over  the  temperature  range  2  to  38  C 
(36  to  100  F)  to  the  following  equation: 


Ca(c.l/g-C)  •  ®-7*5  ♦  0.00047  t(c) 

5 
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CONFIDENTIAL 


Preliminary  meaaarements  of  MRP- 3  specific  heat  vere  conducted  from 
-47.8  to  24.911  (-34  to  77  P)«  A  determination  of  specific  heat, 
used  for  calibration  purposes,  agreed  with  previously  established  data. 


(c)  Thermal  conductivity  measurements  were  conducted  on  VDMH,  MHF-3,  and 
MHP-5  fuels  through  the  use  of  a  steady-state  concentric-cylinder  con¬ 
ductivity  cell.  The  valid  data  for  GDMR  were  curve  fit  from  0.3  to  231  F 
with  the  equation: 


'(Btu/hr-ft-P) 


0.1014  -  1.368  X  10 


r4 


*(F) 


The  thermal  conductivity  data  for  MRF-3  over  the  temperature  range  0.4  to 
231.3  are  represented  by  the  equation: 


“(Btu/hr-ft-F)  -  *(F)  - 


X  10 


r7 


*(F) 


Preliminary  results  for  the  thermal  conductivity  of  MHF-3  indicate  values 
from  0.188  to  O.I7I  Btu/br-ft-F  over  the  temperature  range  0.3  to  201  F. 


(y)  Final  assembly,  check-out,  and  calibration  of  an  all-metal  capillary 

viscometer  have  been  completed.  Tvo  viscosity  data  points  have  been  ob¬ 
tained  for  saturated  liquid  CIF^  at  134  F  (0.213  cp)  and  I76  F  (0.183  cp). 
Additional  measurements  are  being  obtained  in  the  present  viscometer  to 
provide  viscosity  data  over  the  complete  tempel'ature  range. 


(0)  Phase  III  Involved  the  assembly  of  all  data  generated  in  Phases  I  and  II, 
verification  of  all  the  data  sources,  critical  evaluation  and  comparison 
of  conflicting  data,  and  tabulation  and  correlation  of  the  results.  As 
a  result  of  these  efforts,  complete  physical  property  bibliographies  were 
compiled  for  ^2^4'  addition,  effort  was  initiated  on  compila¬ 

tion  of  a  bibliography  of  ^2^4  physical  properties.  The  physical 
property  bibliography  was  used  to  prepare  a  set  of  physical  property 

data  sheets  on  N..H,  . 

2  4 
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TECHNICAL  PROGRAM 

PHASE  I:  LITERATTJHE  SEARCH 

OBJECTIVE 

(u)  The  Phase  I  objective  is  the  naintenance  of  a  continuous  review  of  the 
current  literature  and  efforts  of  other  investigators  in  the  field  to 
ensure  the  acquisition  and  documentation  of  the  latest  possible  propellant 
properties  data  for  evaluation  and  possible  inclusion  into  a  propellant 
properties  handbook.  This  survey  is  designed  to  include,  but  not  neces¬ 
sarily  be  limited  to,  the  properties  of  the  following  fuels  and  oxidizers: 


Oxidizers 

Phels 

Liquid  Oxygen  (LO^) 

Liquid  Hydrogen  (LH^) 

Chlorine  Pentaf luoride  (CIF^) 

N2H^-ra)MH(50-50) 

Chlorine  Trifluoride  (CIP^) 

Hydrazine  (N^H^) 

Fluorine  (Pg) 

MMB  (CHjNjjHj) 

Hydrogen  Peroxide  (HgO^) 

UDMH  C(CH^)2N2H2] 

Nitrogen  Tetrozide  (NgO^) 

NgH^-MMH  mixtures 

Mixed  Oxides  of  Nitrogen 
(NgO^-NO) 

Hybaline  B-3 

FLOX  Mixtures  (Og-Pg) 

Alunizine 

Oxygen  Dlfluoride  (OP2) 

Pentaborane  (B^H^) 

tetrafluorohydrazine  (N^F^) 

Oiborane  (BgH^) 

MHP  fuels 

MAP  fuels 

7 


RESULTS  AM)  ACCOMPLISHMENTS 


(u)  A  formal  survey  of  current  propellant  literature,  which  was  initiated  under 
Contract  AF04(6ll)-10546  (Ref.  l),  was  continued  as  Phase  I  of  the  present 
program.  This  survey,  which  includes  the  location,  acquisition,  and  docu¬ 
mentation  of  all  available  propellant  properties  data  of  interest  to  the 
Air  Force,  was  originally  directed  at  a  comprehensive  review  of  physical 
properties  data.  However,  under  the  present  contract,  the  survey  has  been 
extended  to  additional  engineering  properties  data. 

(U)  The  literature  survey  is  being  accomplished  through  two  different  techniques. 
One  part  of  the  effort  is  directed  at  the  survey  of  all  reports  acquired 
by  Rocketdyne  through  normal  distribution  channels.  Each  of  these  reports 
are  surveyed  with  respect  to  subject  matter,  and  reports  containing  po¬ 
tential  propellant  properties  data  are  selected  for  detailed  review.  All 
pertinent  data  contained  in  these  reports  are  documented  for  assembly 
under  Phase  III. 

(U)  To  ensure  a  complete  awareness  of  all  available  propellant  properties  data 
and  their  subsequent  acquisition  and  documentation  during  the  current  pro¬ 
gram,  this  report  survey  effort  is  supplemented  by  a  continuous  survey  of 
the  current  releases  of  Chemical  Abstracts.  NASA  CSTAR  Abstracts.  Chemical 
Propulsion  Information  Agency  (CPIA)  Abstracts,  the  Defense  Documentation 
Center  fPDC)  Technical  Abstract  Bulletin  (TAD).  the  NBS  Cryogenic  Data 
Center’s  Current  Awareness  Service,  and  propellant  manufacturers'  bulletins. 
Any  pertinent  reports  located  through  these  abstract  sources  that  have 
not  been  acquired  previously  by  Rocketdyne  arc  ordered  insnediately  and 
eventually  reviewed  In  detail. 

(u)  During  the  first  year  of  the  current  program,  3^94  reports  were  surveyed; 
of  this  total,  46l  reports  were  reviewed  in  detail  for  propellant  proper¬ 
ties  data.  Pertinent  data  contained  in  these  reports  are  being  compiled 
and  evaluated  under  Phase  III. 


PHASE  II:  EXPERIMINTAL  DETERMINATIONS 


OBJECTIVE 

(U)  The  objective  of  Phase  II  is  the  experimental  characterization  of  essential 
physical  properties  of  selected  liquid  propellants.  This  phase  essentially 
constitutes  a  24-Donth  continuation  of  the  efforts  initiated  under  Phase  II 
of  Contract  AF04(6ll)-10546  (Ref.  l).  Selection  of  the  propellants  and 
properties  to  he  experimentally  characterized  is  related  to  the  unavail¬ 
ability  of  required  data  and  relative  importance  of  the  data  to  the  Air 
Force.  Initial  efforts  have  emphasized  the  completion  of  those  propellant 
properties  recomnended  for  initial  characterization  under  the  previous 
program.  Additional  efforts  are  continuing  in  an  order  related  to  the 
importance  of  the  data  to  the  Air  Force  as  determined  by  the  Air  Force 
Project  Engineer. 

(U)  The  selected  properties  are  being  determined  over  the  llquidus  temperature 
range  and  over  a  pressure  range  of  14.7  P«1  to  1000  psi,  vhere  practical. 
Changes  to  the  selected  list  can  he  made  at  any  time  during  the  program 
through  mutual  agreement  of  Rocketdyne  and  the  Air  Force  Contracting 
Officer.  Standard  test  methods  are  used  if  available.  Vfherever  unique 
or  nev  test  methods  are  used,  their  use  baa  been  approved  by  the  Air  Force 
Contracting  Officer. 

RESULTS  AND  ACCOMPLISHMENTS 

(u)  During  the  Initial  12  months  of  the  current  24-month  program,  Phase  II 

efforts  vere  directed  at  the  measurement  of  phase  properties,  sonic  velocity 
(and  calculation  of  compressibility),  inert  gas  solubility,  specific  heat, 
thermal  conductivity,  and  viscosity  of  selected  propellants.  The  apparatus 
and  techniques  used  in  these  measurements  vere  essentially  those  used  pre¬ 
viously  in  similar  efforts  conducted  under  Contract  AP04(6ll)-10546  (Ref.  l)t 
hovever,  some  further  modifications  and  development  of  the  inert  gas  solubility. 
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specific  heat,  and  viscosity  apparatus  vere  necessary  to  improve  the 
quality  and  accuracy  of  the  measurements.  The  efforts  and  results  in 
each  of  these  areas  of  study  are  described  in  the  following  paragraphs. 
Included  in  the  discussions  are  details  of  the  changes  in  experimental 
apparatus  or  methods  instituted  during  the  current  program. 


Phase  Properties 


(u)  Phase  property  measurements  have  been  designed  to  expand  the  available 
experimental  data  on  chlorine  trifluoride  (CIF^)  density  and  vapor  pres¬ 
sure.  Density  measurements  on  saturated  liquid  CIF^  over  a  temperature 
range  of  -22  C  (-8  F)  to  -8  C  (18  F)  extended  the  low-temperature  ex¬ 
tremity  of  the  previously  available  data  (Ref.  1  and  2).  Additional  CIF^ 
vapor  pressure  measurements  were  conducted  over  the  temperature  range  of 
42.9  C  (109  F)  to  147.6  C  (298  F)  to  increase  the  accuracy  of  previously 
available  (Ref.  1  and  3)  vapor  pressure  data  in  the  high-temporature  and 
critical  region. 


(u)  The  experimental  apparatus  used  in  the  density  measurements  has  been 
described  previously  (Ref.  1).  A  diagram  of  the  apparatus,  which  was 
constructed  from  the  design  of  Poole  and  Nyberg  (Ref.  4),  is  presented 
in  Pig.  1.  This  densimeter  operates  on  the  principle  that  a  sudden  rise 
in  pressure  (sensed  by  the  pressure  transducer)  will  occur  ^hen  all  vapor 
in  the  variable  volume  propellant  cell  is  forced  to  condense  by  mechanical 
reduction  of  the  cavity  volume  containing  both  liquid  and  vapor.  Tlie 
volume  of  the  cell  (and  thus  the  contained  liquid)  at  this  point  is  in¬ 
dicated  by  the  position  of  the  micrometer  attached  to  the  bellows  and  a 
prior  calibration  of  the  micrometer  (defining  the  micrometer  setting-cell 
volume  relationship)  of  the  apparatus  with  liquid  of  known  density.  T!>e 
density  of  the  sample  at  this  point  is  tht'n  calculated  from  the  weight  of 
the  propt'llant  sample  and  the  indicated  volume. 


(U)  The  apparatus  is  constructed  entirely  of  300  series  stainless  steel  and 
is  capable  of  withstanding  pressures  up  to  1500  psl.  The  volume  range 
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Figur*  1.  Poolc-Nyberg  D»naim«t»r 
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provided  hy  the  stainleaa-steel  bellows  pemita  density  measurements  over 
a  vide  range  of  temperatures  without  change  of  the  propellant  sample  size. 
The  densimeter  is  placed  in  a  constant-temperature  bath  for  temperature 
selection  and  regulation.  The  temperature  of  the  propellant  sample  is 
indicated  by  a  chromel-alumel  thermocouple  taped  to  the  densimeter  and 
is  recorded  during  the  density  measurement  after  the  propellant  sample 
has  reached  thermal  equilibrium  with  the  environmental  bath. 

(U)  The  apparatus  used  in  the  vapor  pressure  measurements  consisted  of  a  10- 
milliliter,  stainless-steel  cylinder  with  immersion  thermocouple,  pressure 
transducer,  and  sample  valve.  The  thermocouple,  a  chromel-alumel  junction 
with  stainless-steel  sheath,  was  sealed  into  the  cylinder  with  a  swedge 
fitting,  thus  permitting  direct  measurement  of  the  temperatures  of  the 
cylinder  contents.  The  thermocouple  was  calibrated  at  the  melting  and 
boiling  points  of  water.  The  1000-psia  pressure  transducer  was  cali¬ 
brated  with  a  Heise  gage  over  the  temperature  and  pressure  ranges  of 
intended  use. 

(U)  During  the  measurements,  a  sufficient  amount  of  CIF^  was  loaded  into  the 
vapor  pressure  apparatus  to  ensure  the  presence  of  some  liquid  at  all 
times  over  the  range  considered.  The  bomb  and  contents  were  allowed  to 
reach  thermal  equilibrium  at  selected  temperatures,  and  the  equilibrium 
vapor  pressures  were  recorded.  Constant  temperatures  above  ambient  were 
maintained  by  placing  the  entire  apparatus  in  a  Fisher  Isotemp  oven. 

(U)  Density  of  Chlori  ne  Trifluortde.  With  the  variable  volume  copobilities 
of  the  Poole-Nyberg  densimeter,  it  was  possible  to  conduct  measuremonts 
on  propel] an t-g rode  ClFj  over  the  temperature  range  of  -22  C  (-8  F)  to 
-8  C  (18  F)  with  one  filling  of  the  apparatus.  The  density  data  result¬ 
ing  from  these  measurements  are  presented  in  Table  1  with  the  chemical 
analysis  of  the  propellant  sample.  Tliese  density  data  together  with  that 
obtained  from  previous  experimental  measurements  (lief,  1  and  2)  were  eurve 


fit  by  a  least  squares  coisputer  program  over  a  ten.perature  range  of  -22  C 
(-  )  to  161  C  (322  F),  vfalch  resulted  in  the  follovlng  equations: 

^(p»/cc)  “  ^-924  >  2.517  X  10“2  ^  7.3342  ,  iq-S  ^^^2  _ 

(1) 


'®(lb/ft^)  =  121.360  -  0.12^6  t^yj  +  2.127  X  10“^  t^y^^ 

8.850  X  lo'^ 


(2) 


Ibe  standard  deviations  for  these  curve  fits  are  O.OO5  g^/cc  and  0.31 

Ib/ft  .  respectively.  ll,ese  equations  are  represented  graphically  in 
Fig.  2  and  3»  respectively. 


TABLE  1 

experimental  density  data  for  satwated  liquid  cip  # 


Temperature, 

C 

Observed 

Density, 

gm/cc 

Calculated^ 

Density, 

gm/cc 

Ap  X  10^, 

gm/cc 

“22.53 

1.958 

1.9609 

2.9 

“20.15 

1.9'i9 

1.9523 

3.3 

“16.18 

1.940 

1.9383 

-1.7 

-8.73 

1.913 

1.9128 

-0.2 

♦Sample  composition:  ClFj  — 99. 5>  v/o 

HF~0.4  w/o 

Noncondensables — trace 
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(u)  Vapor  Pressure  of  Chlorine  Trifluoride.  The  vapor  pressure  of  propellant 
grade  CIF^  was  measured  over  the  temperature  range  of  42.9  C  (l09  F)  to 
147.6  C  (298  F).  The  data  obtained  thus  far  are  presented  in  Table  2 
with  the  chemical  analysis  of  the  propellant  sample.  Upon  completion  of 
additional  measurements  in  this  temperature  region  and  extension  of  the 
measurements  to  the  critical  temperature  (355  F),  all  data,  including 
that  previously  determined  (Ref.  1  and  3),  will  be  curve  fit  by  a  least 
squares  computer  program. 

TABLE  2 

EXPERU-iENTAL  VAPOR  PRESSURE  DATA  FOR  CIP^* 


Temperature , 

Pressure , 

C 

P 

42.9 

109.2 

45 

61.1 

142.0 

78 

74.6 

166.3 

114 

93.1 

199.6 

182 

111.3 

232.3 

274 

131.4 

268.5 

408 

147.6 

297.7 

560 

^.Sample  composition;  CIE^ — 99. 3+  w/o 

HE- -0.4  w/o 
Ncncondcnsnhles — trace 


Son Ic  Velocity  (and  Adiabatic  ('omnresslhi H ty)  ^l^n«llrr ment s 

(u)  Sonic  velocity  menHurements  were  conducted  in  liquid  chlorine  trifluoride 
(clFj)  and  chlorine  pentaf luorlde  (CIF^).  Tliese  mcnsurcmenv.s  covered  a 
temperature  range  of  -77  C  (-IO7  F)  to  69  C  (I36  F)  and  pressures  of  sat¬ 
uration,  500  and  1000  psla. 


HMWt  >i--liirgW8W.;--^ 


(U)  The  experimental  apparatus,  which  has  been  described  previously  in  Ref.  1 
and  is  illustrated  in  Fig.  4,  is  used  to  accurately  measure  the  distance 
of  teat  fluid  through  which  sound  waves  of  a  known  frequency  travel.  The 
interferometer,  which  is  capable  of  withstanding  pressures  to  1000  psia 
and  temperatures  to  200  F,  is  constructed  of  type  34?  stainless  steel 
(which  is  compatible  with  most  propellants  of  interest).  The  dial  gage, 
which  provides  precise  linear  location  data  also  enables  the  differentia¬ 
tion  between  the  reflected  signal  (and  its  harmonics)  and  reflections 
from  the  metallic  interferometer  body.  IHsplayed  pips,  from  true  reflecti 
move  on  the  oscilloscope  as  the  reflector  is  moved,  while  spurious  signals 
remain  stationary. 

(u)  The  measurements  are  conducted  by  initiation  of  a  3~B«gAcyle  radio  fre¬ 
quency  signal  from  the  pulsed  oscillator,  which  is  fed  simultaneously  to 
the  oscilloscope  and  a  quartz  piezoelectric  crystal  (with  5-Begacycle 
resonant  frequency)  attached  to  the  bottom  of  the  interferometer.  The 
sound  waves,  emanating  from  the  crystal,  travel  through  the  bottom  of  the 
Interferometer,  through  a  known  distance  of  test  liquid  to  a  reflector, 
and  then  back  to  the  crystal.  The  initial  and  reflected  waves  are  dis¬ 
played  on  the  oscilloscope,  thus  allowing  measurement  of  the  time  required 
for  the  ultrasonic  waves  to  traverse  the  known  distance  of  test  fluid. 

(u)  During  the  determinations,  the  interferometer  was  laaoersed  in  a  constant- 
temperature  bath  and  allowed  to  reach  thermal  equilibrium  at  a  selected 
temperature  level  before  a  measurement  was  conducted.  The  equilibrium 
temperature  was  then  measured  using  a  chromel-alumel  thermocouple  (with 
,a  type  316  stainless-steel  sheat^) inaersed  in  the  teat  fluid, 

(u)  The  sonic  velocity  apparatus  was  calibrated  over  a  temperature  range  of 
0  C  (32  F)  to  74  C  (163  P)  at  pressures  of  14.7,  300,  and  1000  psia,  using 
distilled  water  and  absolute  methanol  as  test  fluids.  The  data  obtained 
from  sonic  velocity  measurements  in  these  fluids  with  this  apparatus  were 
compared  with  literature  values  for  these  fluids  (Ref.  3,  6,  and  7)  to 
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obtain  a  calibration  factor.  The  agreement  between  the  values  obtained 
with  this  apparatus  and  those  of  the  literature  were  within  1.5  percent 
with  a  precision  of  ^  1  percent. 


(U)  Using  the  resulting  sonic  velocity  data  and  the  liquid  density,  the  adiabatic 
compressibility  of  the  liquid  was  calculated  from  the  relationship: 


where 


*>  adiabatic  comprcw-Ibility  of  the  liquid 


(3) 


p  ••  density  of  the  liquid 
c  ••  velocity  of  sound  in  the  liquid 


(u)  Sonic  Velocity  of  Chlorine  Pentaf luorlde .  Tlie  velocity  of  sound  was 
measured  in  propellant-grade  liquid  CIF^  under:  (l)  saturated  liquid 
conditions  over  a  temperature  range  of  -77' 1  C  {-10().8  P)  to  68.7  C 
(155-7  F)j  (2)  total  pressurization  of  500  psia  (using  gaseous  nitrogen) 
over  0  temperature  range  of  -73-5  C  (-100.3  P)  to  69.2  C  (I36.6  F);  and 
(3)  total  pressurization  of  1000  psia  (using  gaseous  nitrogen)  over  the 
temperature  range  -27  C  (-16,6  F)  to  16.8  C  (62.2  P).  Tlie  results  of 
these  measiirenents  are  presented  in  Table  3  with  results  of  chemicol 
analysis  of  the  propellant  sample. 


(U)  Tlie  experimental  data  for  the  velocity  of  sound  in  ClFj  under  saturated 
liquid  conditions  were  curve  fit  using  a  least  squares  computer  program. 
The  resulting  equations,  which  represent  the  saturated  liquid  data  from 
-77  to  69  C  (-I07  to  136  P)  in  both  metric  and  llnglish  units  are: 

'(./..«)  •  ””  -  bK)  ‘  V)“ 
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T&BLE  3 


EXPERIMENTAL  SONIC  VELOCITY  DATA  FOR  LIQUID  CIF^* 


TeBp«rature 

SoQle  Velocity,  a/see 

A  ,  n/aec 

C 

r 

Pretaure 

Exporiaontal 

Calculated 

-77.1 

-106.8 

Saturation 

979.0 

978.6 

0.4 

-69.7 

Saturation 

900.0 

899.9 

0.1 

-25.8 

Saturation 

801.0 

805.1 

-2.1 

-5.5 

Saturation 

737.0 

760.0 

-5.0 

22.2 

Saturation 

708.0 

708. 8 

-0.8 

-0.0 

50.6 

Saturation 

692.0 

689.5 

2.7 

52.7 

Saturation 

695.0 

684.8 

8.2 

58.9 

Saturation  1 

677.0 

672.8 

4.3 

8.5 

46.9 

Saturation 

6A8.0 

655.2 

-7.2 

15.1 

99.2 

Saturation 

651.0 

629.8 

1.5 

36.2 

79.2 

Saturation 

586.0 

588.5 

-2.5 

54.4 

95.9 

Saturation 

955.0 

557.8 

-3.8 

48.9 

120.0 

Saturation 

504.0 

904.0 

0.0 

68.7 

159.7 

Saturation 

492.0 

450.8 

1.3 

-75.5 

-100.5 

900  paia 

991.0 

-94.2 

-69.6 

900  paia 

885.0 

-27.9 

-18.2 

900  paia 

789.0 

-18.3 

-0.8 

900  paia 

794.0 

-1.9 

29.6 

900  paia 

675.0 

4.8 

40.6 

900  paia 

692.0 

11.0 

51.8 

900  paia 

627.0 

22.4 

72.9 

500  paia 

5«9.0 

29.7 

78.9 

900  paia 

977.0 

55.6 

92.5 

900  paia 

992.0 

49.9 

110.9 

900  paia 

920,0 

94.7 

150.9 

900  paia 

487.0 

69.2 

196.6 

9<.>0  paia 

449.0 

-27.0 

-16,6 

1000  paia 

7M.0 

-21.8 

-7.2 

1000  paia 

749.0 

■M. 

MW-. 

-5.2 

26.2 

1000  paia 

692.0 

mm- 

16.8 

63.3 

I0(M)  paia 

622.0 

— 

.. 

••wpoiiiioni 


wr  CIO 
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th*  ■itiraprliU  ei>r*»  fit 


and 

'(tt/..c)  ■  7  v  *  ‘  O”  *  *“■*  V)’ 

The  standard  deviations  of  these  curve  fits  are  2.2  n/sec  and  7<2  ft/sec, 
respectively.  Graphical  representations  of  these  equations  are  presented 
in  Fig.  5  and  6,  respectively. 

(u)  An  anomaly  vas  noted  in  the  data  resulting  from  the  sonic  velocity  measurr^ 
Bents  in  the  pressurized  liquid.  NornAlly.  the  velocity  of  sound  in  a 
liquid  at  constant  temperature  has  been  found  to  increase  with  increasing 
pressure.  In  addition,  the  change  in  slope  of  a  sonic  velocity-temperature 
plot  la  relatively  equivalent  for  various  isobars  over  the  same  temperature 
range.  The  data  at  both  500  and  1000  psia  indicate  that  at  the  lover  tem¬ 
peratures  investigated,  the  velocity  of  sound  in  CIF^  vas  decreased  as 
the  saturated  liquid  vas  pressurized.  However,  as  the  temperature  vas 
increased,  the  saturated  liquid  plot  and  the  isobars  (which  can  be  plotted 
froa  the  data  at  5^0  and  1000  psia)  will  eventually  meet  and  reverse  this 
condition. 

(u)  ConsiCeration  of  possible  effects  resulting  froa  liquid  solubility  of 
the  nitrogen  gas,  which  vas  used  for  pressurization,  offers  a  reasonable 
explanation  of  this  anomaly.  As  gas  content  is  increased  in  th>  liquid 
(this  would  accompany  an  increase  in  pressurant  gas  pleasure),  the 
velocity  of  sound  will  decrease.  As  temperature  of  the  liquid  is  Increased, 
the  gas  content  (solubility)  in  the  liquid  should  decreaee.  The  coabina- 
tion  of  these  two  effects  together  with  the  assumed  effect  of  pressure 
on  sonic  velocity  in  CIF^  are  probably  responsible  for  the  anomalous 
trends  in  the  experimental  obeervationa. 

(u)  To  eliminate  the  influence  of  dissolved  pressurant  gas  in  the  measurenents, 
a  bellows  assembly  could  be  used  Instead  of  a  pressurant  gas  to  apply 
pressure  to  the  liquid  sample.  However,  the  small  magnitude  of  the  obeerved 
.pressure  effect  (typically,  a  0.5  percent  difference  in  sonic  velocity  froa 
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■aturation  to  500  psia)  within  the  experimental  conditions  under  con¬ 
sideration  does  not  justify  a  modification  of  the  apparatus  at  the  present 
time.  In  addition,  the  effect  of  inert  gas  on  physical  properties  should 
be  considered  because  similar  conditions  are  encountered  in  the  design 
and  developsent  of  propulsion  systems. 

(U)  An  experiment  has  been  planned  to  demonstrate  the  effect  on  sonic  velocity 
of  a  dissolved  gas  in  a  propellant.  This  effect,  which  will  be  characterized 
in  both  CIF^  and  CIF^,  will  be  studied  by  determining  the  change  in  conic 
velocity  in  a  liquid  sample  as  the  sample  is  subjected  over  a  period  of 
time  to  a  constant  inert  gas  pressure  at  a  preset  temperature  level. 


(U)  Adiabatic  Comprcssibllitv  of  Chlorine  Pentafluoride .  The  sonic  velocity 
and  density  data  (Ref.  h)  of  saturated  liquid  CIF^  were  used  to  compute 
adiabatic  compressibilities  according  to  £q.  3.  A  least  squares  curve 
fit  of  the  resulting  calculations  from  -80  to  70  C  (-112  to  158  F)  es¬ 
tablished  the  following  compressibility-temperature  relationships  for 
saturated  liquid  CIF^  (in  both  metric  and  English  units): 

^(atn-1)  -  1*1565  x  lO"^  +  1.3942  x  lO'^  t^^j  + 

1.2708  X  10*®  ♦  1.4680  X  lo"^®  t/„v’  + 


9.6855  X  10  t 


,-13  *  4 


^(psia**)  "  *  10"®  t^p)  + 

1.4103  X  +  9.0915  *  10"^’  ♦ 

6.2782  X  10’^^  t^pj* 
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The  etandard  deviation  of  these  curve  fits,  which  are  graphically  pre- 

—7  —1  —8 

aented  in  Fig.  7  and  8^ respectively,  are  8.85  x  10  &ta  and  6  x  10  psia 
respectively. 

i 

(u)  Sonic  Velocity  of  Chlorine  Trifluoride.  Sonic  velocity  measurements  were 
conducted  in  propellant-grade  liquid  chlorine  trifluoride,  CIF^,  under 
saturated  liquid  conditions  over  a  temperature  range  of  -59.7  to  7^.5  C 
(~75>5  to  166.1  F),  and  unddr  total  pressures  (using  gaseous  nitrogen) 
of  500  and  1000  psia  over  temperature  ranges  of  -51.2  to  74.9  C  (-60.2 
to  166.8  f)  and  -49.5  to  34.1  C  (-57.8  to  93.4  F),  respectively.  The 
results  of  these  measurements  and  the  chemical  analysis  of  the  propellant 
sample  are  presented  in  Table  4.  A  curve  fit  of  the  aonic  velocity  data 
obtained  from  measurements  in  saturated  liquid  CIF^  resulted  in  the  follow¬ 
ing  equations. 

'(./..c)  -WSl.S-  3.7508  (8) 

and 

'(n/..c)  ■  WOl.8  -  6.63'.8  (9) 

The  standard  deviations  for  these  curve  fits,  illustrated  in  Pig.  9  and 
10,  respectively,  are  2.9  m/sec  and  9.4  ft/sec.,  respectively. 

(u)  An  anomaly,  similar  to  that  observed  in  the  sonic  velocity  measurements 
in  CIF^,  appears  in  the  data  presented  in  Table  4.  As  noted  in  the  pre¬ 
vious  discussion  on  CIF^,  the  velocity  of  sound  in  a  liquid  at  constant 
temperature  normally  increases  with  increasing  pressure,  and  the  change 
in  slope  of  a  sonic  velocity-temperature  plot  is  approximately  equivalent 
for  various  isobars  over  the  same  temperature  range.  Table  4  indicates 
erratic  and  conflicting  results  in  some  of  the  data  obtained  in  the 
pressurization  of  the  CIF^  to  500  and  1000  psia.  As  noted  previously, 
the  probable  cause  of  this  anomaly  is  postulated  as  an  effect  of  pres¬ 
surization  gas  solubility  in  the  liquid.  This  effect  is  currently  being 
characterized . 
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TEMPERATURE,  F 

Tiz^re  8.  Adiabatic  Coopressibility  of  Saturated  Liquid 
Chloriue  Pentafluorlde 


TABLE  4 


Figure  9.  Sonic  Velocity  in  Saturated  Liquid  Chlorine  Trifluoride 


(u)  Adiabatic  Compregaibility  of  Chlorine  Trifluoride.  Adiabatic  compres¬ 
sibilities  of  ClPj  were  computed  according  to  Eq.  3  using  the  sonic 
velocity  data  from  the  saturated  liquid  measurements  and  the  saturated 
liquid  density  data  noted  previously.  A  least  squares  curve  fit  of  the 
resulting  calculations  from  -56  to  76  C  (-69  P  to  169  P)  established  the 
folloving  compressibility-temperature  relationships  for  saturated  liquid 
CIP^  (in  both  metric  and  English  units): 

^(atm“^)  ”  ^-^594  x  lO"^  +  6.1039  x  lO"^  t^^j  +  3.7345  x  10‘^ 

2.6649  X  10"^  +  2.1283  X  10“^'  (lO) 

^(psia*^)  *■  *(P)  ^  *(F) 

1.3434  X  10“'^  f  1.3795  x  10~^’ 

The  standard  deviations  of  these  curve  fits,  vhich  are  graphically  pre¬ 
sented  in  Fig.  11  and  12,  are  4.5  x  lo”^*  atro”^  and  3.1  x  lo”^  psia 
respectively. 


Inert  Gas  .Solubility  Mcasiiremenls 

(u)  Measurements  of  nitrogen  gas  solubility  In  proj)el lant-grade  chlorine 
pentaf luoridc  are  being  conducted  during  the  current  progrnra.  In  these 
determinations, the  experimentally  derived  quantity  is  a  differential 
solubility  (the  gas  dissolved  per  unit  mass  of  propellant  and  per  unit 
pressure  increase)  measured  at  a  particular  temperature  and  pressure. 

Tills  quantity  can  readily  be  integrated  to  give  total  (absolute)  snlubillly, 

(U)  A  simplified  sehematic  diagram  of  the  apparatus,  vtiirh  has  been  previously 
described  in  detail  (lief,  l),  is  presented  in  Pig,  13.  The  Inert  gas  is 


CALCULATED  DATA 

CURVE  FIT  FROM  -56  TO  76  C  WITH  EQUATION 
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introdaced  from  a  ▼olume-calibrated  gas  reservoir  into  a  volume-calibrated 
test  tank,  or  propellant  cell,  vfaich  contains  a  known  quantity  of  propel¬ 
lant.  The  voluiae  of  the  gas  absorbed  at  a  known  temperature  and  after 
agitation  is  calculated  from  pressure  changes  that  occur  in  the  system. 

These  pressure  changes  are  monitored  by  two  precision  differential  pressure 
transducers.  The  entire  apparatus,  including  both  the  propellant  cell 
and  the  gas  reservoir,  is  mounted  within  a  thermostated  enclosure, 
vfaich  maintains  desired  temperature  during  a  solubility  determination. 

The  temperature  conditioning  enclosure  is  supported  upon  a  rocking  plat¬ 
form  which  is  used  to  agitate  the  test  solution  in  the  propellant  cell  to 
attain  equilibrium  conditions. 

(U)  At  the  beginning  of  a  solubility  determination,  the  propellant  cell  is 
charged  with  a  measured  quantity  of  liquid  propellant,  large  enough  to 
ensure  that  the  cell  will  always  contain  a  significant  amount  of  liquid 
at  the  desired  test  temperature.  The  equilibrium  cell  pressure  at  the 
start  of  a  test  is  then  determined  by  the  combined  effects  of  propellant 
vapor  pressure,  inert  gas  content  (e.g.,  total  mass)  in  the  cell,  inert 
gas  solubility,  and  relative  volumes  of  ullage  and  liquid  in  the  cell.  . 

The  gas  reservoir  pressure  is  set  at  an  adequately  larger  value  than  that 
required  for  supply  during  the  solubility  meaaurcment. 

(u)  The  first  step  in  a  solubility  determination  consists  of  introducing  gas 
from  the  reservoir  into  the  cell  ullage  by  temporarily  opening  the  con¬ 
necting  input  valve.  Tlic  resulting  pressure  decrease  in  the  reservoir 
and  pressure  increase  in  the  cell  are  recorded  by  the  corresponding 
differential  pressure  transducers  which  have  controlling  valves  to  isolate 
the  initial  preasurrs  as  reference  pressures.  The  Initial  pseudo-equilibrium 
pressure  in  the  cell  (before  inert  gas  can  diffuse  into  the  quiescent  liquid 
to  an  appreciable  extent)  involves  only  ullage  pressurization.  A  material 
balance  between  the  reservoir  gas  and  gas  in  the  ullage  can  be  written 
as  follows] 

''bdSjQ  (12) 
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where  V_  Is  the  reservoir  volume  which  can  contribute  input  gas;  (dp/9P)_  _ 

if 

is  the  isothermal  change  of  density  with  pressure  for  the  pure  reser\’oir 

gas  at  the  test  pressure;  (A p)^  is  the  pressure  drop  recorded  by  the 

reservoir  transducer;  is  the  ulleige  volume  in  the  propellant  cell; 

(9p/dP)j  y  is  the  isothermal  change  in  density  with  pressure  for  the  inert 

gas  in  the  vapor-gas  ullage  mixture  at  the  test  pressure,  and  (Ap)  is 

C,  1 

the  initial  pseudo-stable  pressure  increase  in  the  cell. 

(U)  The  second  step  of  a  solubility  determination  is  to  agitate  the  liquid 
until  solution  equilibrium  is  established.  Solution  of  inert  gas  causes 
the  decline  in  cell  pressure,  and  a  lower  differential  pressure  (than  that 
obtained  before  agitation)  is  recorded  by  the  cell  pressure-transducer. 
Another  material  balance  established  between  inert  gas  in  the  ullage  and 
gas  in  solution  can  be  written  as  follows: 

where  (^P)q  q  is  the  second  (lower),  equilibrium  pressure  increase  in 
the  propellant  cell;  s  is  the  differential  solubility  of  the  inert  gas 
in  the  propellant;  and  M  is  the  mass  of  liquid  propellant. 

(U)  These  material  balances  are  combined  to  eliminate  the  ullage  volume  and 
gas  compressibility,  which  are  unknown  quantities  because  the  partial 
volume  of  solution  and  the  P-V-T  characteristics  of  the  gas-vapor  mixture 
in  the  ullage  arc  unknown,  (ibipericnce  to  date  verifies  that  these  prop¬ 
erties  depart  considerably  from  the  ideals  of  a  constant  volume  liquid 
and  a  perfect  gas  mixture.)  To  Justify  the  cancellation  of  ullage  prop¬ 
erties,  as  well  as  the  use  of  point  values  or  averages  for  the  density- 
pressure  derivatives,  (he  pressure  range  of  a  single  test  must  be  maintained 
reasonably  low;  the  differential  pressure  transducers  of  the  apparatus 
operate  within  a  range  of  approximately  20  nsi. 
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(14) 


(U)  Tbe  combination  of  Eq.  and  (l^  gives  the  following  expression: 
M  C.SP;j,,  (ip)j  ,  (ap)^  j 


Tbus>  the  establishment  of  the  solubility  requires  a  knowledge  of  the 
absolute  volume  of  the  gas  reservoir  tank,  the  mass  of  propellant  in  the 
cell,  the  density-pressure  behavior  of  the  pure  inert  gas,  and  the  var¬ 
ious  transducer  pressure  readings. 

(u)  This  experimental  approach  has  proved  to  be  generally  sound.  However, 

test  experience  revealed  one  experimental  drawback;  at  low  total  pressures 
(i.e.,  large  vapor/inert  gas  ratio  in  the  ullage)  the  initial  pressure 
equilibrium  is  not  readily  established  following  introduction  of  the  gas 
into  the  ullage.  Rather,  the  gas  input  induces  some  vapor  condensation, 
and  corresponding  loss  in  cell  pressure  is  only  restored  by  a  very  slow 
(e.g.,  20  minutes)  transient  buildup  (controlled  by  either  vapor-gas  dif¬ 
fusion  or  heat  transfer  to  the  cell)  under  the  necessary  quiescent  con¬ 
ditions.  This  slow  equilibration  is  experimentally  unacceptable,  as  it 
does  not  permit  a  definitive  observation  of  the  initial  ulloge  equilibrium, 
unaffected  by  the  process  of  solution.  At  higher  total  pressures  (relative 
to  the  propellant  vapor  pressure), the  effect  diminishes  and  reliable  ob¬ 
servations  are  possible. 

(U)  Nitrogen  Gas  .Solubility  in  Chlorine  Pentnf luoride .  An  initial  set  of 

data  on  nitrogen-chlorine  pentaf luoride  solubility  was  obtained  at  120  F. 
Thes«  data  are  presented  in  Table  9. 

Because  of  the  delayed  equilibrium  effect  discussed  previously,  data 
could  not  be  obtained  at  Iv'ir  total  pressure  (the  vapor  pressure  of  ClP^ 
is  approximately  ll?  psia  at  120  f).  Because  data  acceptability  is  best 
Judged  by  the  precision  of  consecutive  sol'ibility  measurements  within 
a  relatively  small  pressure  range,  the  data  points  given  in  Table  9  are 
averages  for  several  consecutive  mensu/ementa  within  tlO  percent  or  less. 
Tbe  scatter  whs  largely  associated  with  temperature  fluctuations  during  a 
SMasurement. 
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TARLE  5 


NITROGEN  GAS  SOLUBILITY  IN  CHLORINE  PENTAFLUORIDE 


Temperature, 

F 

Total 

Pressure, 

psia 

Solubility  x  10 
lb  Ng/lb  ClF^-psi 

120 

400 

2.38 

120 

610 

2.94 

120 

780 

3.26 

120 

910 

3.28 

90 

350 

2.35 

(U)  Before  attempting  further  mcasurementa,  the  experimental  arrangement  was 
modified  to  provide  the  most  direct  possible  input  of  gas  to  the  propellant 
cell  ullage  (as  permitted  by  the  design  of  the  cell)  to  minimize  condensa¬ 
tion  and  flow  diffusion  mixing  within  restricted  line  volumes.  (Viie  pro¬ 
pellant  cell  necessarily  has  line  connections  for  the  input  gas,  differ¬ 
ential  pressure  transducer,  total  pressure  tronsducer,  and  sofety  burst 
diaphragm.)  Other  modifications  included  relocation  of  the  transducer 
monitoring  recorders  to  permit  closer  control  of  the  input  rate  by  the 
operator  uni  the  incorporation  of  wore  stable  thermal  control. 

(U)  Tliese  modifications  resulted  in  higher  precision  in  the  high-pressure 

region,  but  negligible  Improvement  with  regard  to  the  initial  equilibration 
problem.  Attempted  measurements  at  low  pressure  and  tera,«erature  betw.*en 
90  and  180  F  yielded  no  useful  results.  Tentative  experimental  procedures 
involving  slow  and/or  pulsed  gas  inputs  with  small  thermal  and  mechanieal 
shocks  were  unsuccessful, 

(U)  Following  these  modifications,  a  reliable. solubil Ity  data  point  (three 
coMHecutivo  measurements  *1  percent)  was  obtained  at  90  V  where  the  vapor 
pressure  of  CIF^  is  approximotely  72  psia.  This  p.>i»t  is  shown  as  the 
last  data  point  in  Table  5*  Tliis  test  sequencv*  wwi  not  ixtended  further 

3fl 


to  experimentally  favorable  high  nitrogen  contents  because  of  corrosion 
failure  of  the  valve  controlling  the  propellant  cell  differential-pressure 
transducer.  Testing  vill  resume  upon  replacement  of  this  component. 


Specific  Heat  Measurements 


(U)  The  specific  heats  of  IIDMH,  (50-30)  «nd  MFIF-3  were  measured  in 

the  calorimeter  developed  previously  under  Contract  AP04(6ll)-9563  (Ref.  8) 
and  farther  utilized  under  Contract  AI04(6ll)-10546  (Ref.  l).  The  calor¬ 
imeter  consists  of  an  outer  copper  jacket  surrounding  a  small  devar  vessel 
which  is  suspended  by  nylon  cord  from  a  copper  ring  attached  to  the  top 
plate  of  the  calorimeter.  A  sample  container  is  positioned  in  the  renter 
of  the  devar  vessel  and  is  isolated  from  it  by  several  small  pieces  of 
foamed  polystyrene  insulation.  A  vacuum  of  10  mm  Rg  is  maintained  in 
the  calorimeter  system  to  control  conduction  heat  losses,  and  the  silvered 
walls  of  the  devar  vessel  reduce  radiative  heat  transfers.  The  calorimeter 
is  completely  immersed  in  a  liquid  bath  medium. 

(u)  Four  cylindrical  sample  containers  vith  volumes  from  12  to  15  cc  vere  used 
daring  the  present  contract.  Tliey  vere  equipped  vith  a  filling  tube  ex¬ 
tending  from  one  end,  and  a  heater  vinding  of  No.  30  BAR  gage  constantan 
wire.  The  vindings  vere  coated  vith  glyptal  and  covered  vith  copper 
foil  to  reduce  the  heat  loss  by  radiation.  A  copper-constantan  thermo¬ 
couple  was  used  for  measuring  the  temperature.  Significant  differencee 
among  the  four  sample  containers  are  described  in  Table  6. 

(U)  A  diagram  of  the  electrical  circuitry  is  shovn  In  Fig.  14|  tne  energy 

supplied  to  the  heaters  ia  accurately  determined  by  means  of  a  K-3  potenti¬ 
ometer  in  line  vith  a  galvonometer .  The  output  from  the  sample  container 
thermocouple  is  recorded  by  means  of  ai.other  K-3  poientloneter  in  conjunction 
vith  a  d-c  microvolt  amjillfler  and  recorder. 


. . . 
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TABLE  6 


« 

DESCRIPTION  OP  SAMPLE  CONTAINERS 


Container 

No. 

Material 

Equilibration 

Finn 

Thermocouple 

Poaition 

I 

Copper,  Pb-Sn  Solder 

Yea 

Exterior 

II 

Aluminum 

Yea 

Exterior 

III 

Copper,  Gold  Plated,  Pb-Sn 
Solder 

Yea 

Veil 

IV 

Copper,  Unplated,  Ag  Solder 

No 

Veil 

(u)  When  previoaa  ncasurcnnnta  vith  thia  apparatus  indicated  discrepancies 

ia  the  recorded  data  (Ref.  l)|  a  company-initiated  program  was  undertaken 
to  locate  and  define  the  measurement  errors.  This  effort  was  completed 
prior  to  the  start  of  this  report  period  and  led  to  certain  modifications 
which  were  incorporated  into  the  apparatus.  In  the  original  design 
(Ref.  l),  the  calorimeter  Incliv'jd  an  electrically  heated  copper  shield 
surrounding  the  sample  container.  Because  the  source  of  the  error  in  the 
thermocouple  electromotive  force  reading  (Ref.  l)  was  located  in  the  heat 
shield  circuitry,  the  heat  shield  was  replaced  with  a  small  devar  vessel 
(to  reduce  temperature  drift).  Tlie  electrical  leads  attarhed  to  the 
sample  container  windings  were  modified  to  decrease  the  111  drop  across 
them.  The  resistance  across  the  volt  box  was  increased,  reducing  that 
current  loss  (Ref,  l)  from  1  percent  to  less  than  0.1  percent.  A  further 
modification  of  the  general  calorimeter  system  consisted  of  completely 
immersing  the  calorimeter  In  the  batli,  thereby  reducing  the  time  required 
for  the  lid  to  reach  a  the<*mal  steady  state. 

Calibration  end  Testlnn;  of  Apparatus.  Prior  to  each  series  of  measurements, 
the  sample  container  to  he  used  was  calibrated  empty  at  tvo  or  more  tem¬ 
peratures  so  that  its  heat  capacity  could  be  subtracted  fiom  the  measured 
val  ues.  Verification  tests  also  were  occasionally  comlucted  employing 
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liquids  vitb  known  specific  heats.  This  ensured  that  the  various  aodi- 
fications  did  not  adversely  affect  the  accuracy  of  the  measurements.  The 
calibration  and  testing  of  the  various  modifications  of  the  apparatus  are 
detailed  in  the  following  paragraphs. 


(u)  Sample  Container  No.  I.  After  the  previously  mentioned  circuitry 

modifications  had  been  completed  (but  with  the  calorimeter  not  completely 
imaersed),  measurements  were  conducted  with  sample  container  No.  I  to  de¬ 
termine  the  specific  heat  of  spectrograde  m.-'thanol .  The  values  obtained 
agreed  within  1  percent  of  those  reported  in  the  literature.  In  addition, 
the  effects  of  variables  such  as  the  cooling  or  warming  rates  (negligible 
with  maintenance  of  reasonable  rates),  power  input  rate  (best  results  when 
the  power  input  was  kept  constant  from  celibration  to  sample  run),  and 
beating  period  (no  noticeable  effect)  were  determined. 

(U)  Sample  Container  No.  II.  An  empty  calibration  run  with  an  aluminum 

sample  container  exhibited  good  precision;  but  measurements  of  the  specific 
beat  of  water  yielded  high,  scattered  results.  Because  the  new  circuitry 
had  been  checked  by  the  methanol  run,  the  discrepancies  in  the  water  results 
were  thought  to  be  related  to  the  sample  container  itself. 

(u)  Sample  Container  No.  III.  A  copper  sample  container  was  fabricated 

with  all  internal  parts  gold-plated  to  make  it  more  adoptablc  for  use 
with  a  wide  variety  of  liquids  including  the  hydraxine-type  fuels.  A 
new  feature  of  this  sample  container  was  its  thermocouple  well  which  ie  a 
centrally  located  cylinder  within  the  container.  Thin,  copper  disks, 
spaced  along  the  thermocouple  well  in  contact  with  the  outer  wall  of  the 
container,  aided  thermal  equilibration. 

(u)  Using  this  sample  container,  the  specific  heat  of  spectrogrode  methanol 
(dry-box  loaded)  was  measured  over  the  temperature  range  from  “23  to  60  C. 


The  enpty  sanple  container  vas  calibrated  at  rooa  ieoperature  and  at  31  C. 
Analjsia  of  these  data  resulted  in  a  consistent  linear  heat  capacity- 
tenperature  calibration  curve  for  the  empty  calorimeter  and  established 
that  the  apparatus  vould  provide  the  desired  accuracy.  Because  the 
calibration  curve  is  lineai»  a  satisfactory  sanple  container  calibration 
requires  only  determination  of  the  heat  capacity  of  the  empty  container 
at  two  sufficiently  separated  temperatures. 

(U)  During  specific  heat  measurements  on  the  NgHj^-UD^H  (50-50)  fuel  blend, 
this  sample  container  developed  leaks  in  the  crimped  section  of  the  fill¬ 
ing  tube,  which  was  capped  with  Pb-Sn  solder.  Tests  indicated  that  a  good 
(helium-leakproof)  cold-weld  copper  crimp  can  be  made,  but  additional 
studioa  demonstrated  that  hydraaine  fuels  eventually  leak  tlirough  the 
crimp  and  that  Pb-Sn  solder  possesses  only  a  linit»d  effectiveness  in  seal¬ 
ing  against  hydrazine -type  fuel  leaks.  This  problem  was  finally  aoU^ed  with 
the  use  of  a  silver  adder  capping  on  the  crimp.  However,  the  gold-plated 
sample  container  had  been  fabricated  with  Pb-Sn  solder  and  during  subsequent 
testing,  leaks  also  developed  in  the  weld  arcund  its  bottcsi  rap. 

(u)  Sample  Container  No.  IV.  A  new  unplated  eoppec  sample  rontainer  vas 
fabricated  with  silver  solder  welds  (sample  container  No.  IV).  After 
farther  apparatus  modification  (complete  immersion),  it  was  necessary  to 
reconfirm  the  accuracy  of  the  equipment  and  technique  employed;  a  verifi¬ 
cation  run  was  conducted  with  hydrazine  (93,8  w/o  W- 
0.7  v/p  BgO).  Three  measurements  of  its  specific  best  wore  made  at  19  C. 

The  average  of  the  results  agreed  exactly  with  the  literature  value 
(Bsf.  9);  the  average  deviation  between  the  three  measured  values 
approx  loss  tely  1  percent,  , 

(U)  Compatibility.  Pressure  build-up  tests  with  containers  No.  til  and 
IV  indicated  that  their  compatibility  with  N^jH^-type  fuels  was  satisfsetory 
at  room  temperature  for  the  period  of  time  Involved  in  the  specific  heat 
measurements.  Only  4  x  lO”^  percent  decomposition  of  occurred  in 
the  unplated  sample  container,  No,  IV,  over  a  9"day  period. 
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(U)  Calculation  of  Reaulta.  The  amount  of  electrical  energy  input,  the  re- 
aultant  temperature  rise  (^T),  and  the  saturation  specific  heat  (C^) 
are  normally  calculated  using  the  equations  contained  in  Ref.  1.  In 
some  runs,  was  calculated  using  an  alternative  method  employing  a 
series  of  equations  derived  by  Regnault  and  Pfaundler  (Ref.  lO): 

AT  »  (Tg  -  Tj)  +  k  (A)  j  (15 

and 

V  -  V 
^^2  1 


where 


Vj  and  Vg  ■  the  linear  rate  of  temperature  change  preceding  and 
following  the  heating  period,  respectively. 

Tj  and  T^  "  the  temperatures  at  which  the  extrapolated  linear' 

portion  of  the  heating  cur%'e  intersects  the  extrapolated 
ante*  and  post-period  temperature  drift  curves,  respectively. 

k  «  Newtonian  cooling  constant 

A  •  area  beneath  the  extrapolated  heating  period  of  the 

experimental  time-temperator*  curve  bounded  by  the 
aero-drift  temperature  (T^) 

T  ■  aero  drift  temperature  which  Is  the  apparent  temperature 

**  of  the  heat  sink  as  calculated  by; 


V,T^  -  V„T, 


The  method  of  Regnault  and  i'fiiundler  provides  further  insight  into  the 
interpretation  of  the  results  of  individual  experiments.  For  exiwBple, 
a  variable  aero-drift  tetnpi*rolurc  and  a  considerable  temperature  difference 
between  T^  and  Tj  produce  a  negative  Newtonian  cooliitg  constant,  wliich  ia 
sufficient  reason  to  eliminate  a  given  run.  Such  a  negative  cooling  constant 
suggests  that  the  temperature  of  tie  system  drifted  during  the  measurement. 
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The  complete  imoersion  of  the  calorimeter  (a  modification  auggestod  by 
the  results  of  this  method  of  data  treatment)  has  resulted  in  considerably 
reduced  temperature  drift  rates. 

(U)  Specific  Heat  of  UDMO.  The  results  of  Aston  et  al,  for  the  specific  heat 
of  UDMH  (Ref.  ll)  from  the  melting  point  (-57  to  25  c)(-71  to  77  i)  fit 
the  linear  expression; 


(cal/gn-O) 


0.640  +  0.00057 


The  aluminum  sample  container  (No.  Il)  was  used  to  extend  these  measure¬ 
ments  to  70.5  C  (159  P).  The  risults  obtained  are  presented  in  Table  7. 
These  valueS|  however,  averaged  4  to  5  percent  greater  than  the  values 
given  by  Eq.  18,  even  at  the  overlapping  temperature  range  in  the  area 
of  25  C.  This  and  the  high  values  obtained  for  the  specific  heat  of  water 
in  this  sample  container  suggests  that  aluminum  is  not  a  satisfactory 
material  for  use  in  these  studies. 


(u)  Additional  determinations  were  conducted  on  LT>JiII  using  the  unplated  copper 
sample  container  (No.  IV)  as  a  verification  run  prior  to  measurement  of 
the  specific  heat  of  Nj^f,^-lJl)>flI  (50-50).  Tliese  results  with  liOMli,  also 
presented  in  Table  7,  had  an  average  deviation  of  1.4  percent  and  averaged 
1.6  percent  above  the  values  given  by  F4|.  18.  The  discrepancies  in  these 
various  sets  of  data  are  presently  being  analyzed  and  conclusions  will 
be  presented  in  future  reports  under  the  contract. 
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1  Average  Temperature, 

C 

F 

1.7 

35.1 

2.8 

37.0 

8.9 

48.0 

50.0 

16.0 

60.8 

17.1 

62.7 

22.4 

72.3 

23.4 

74.1 

24.4 

75.9 

29.6 

83.3 

30.1 

86.2 

31.1 

88.0 

35.4 

95.7 

36.3 

97.3 

44.2 

111.6 

43.1 

113.2 

50.8 

123.4 

51.9 

125.4 

32. H 

127.4 

53.8 

128. 8 

59.8 

139.6 

60.4 

64.0 

65.0 

68.9 

140.7 

147.2 

149  0 

156.0 

69.8 

157.6 

158.9 

Specific  Heat) 
cal/gm-C 


o.m^ 

C.TO'i'* 

0.704'* 

0.7H>’* 

0,i.H4'’ 

0.704** 


T 
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Three  verification  ritne  made  in  the  onplated  copper  calorimeter  (Ko.  IV) 
jrielded  the  folloving  valuea  for  the  apecific  heat  of 


Temperature, 
_ C_(F) _ 


17.7  (64)  0.742 

18.8  (66)  0.737 

19.8  (68)  0.727 


The  average  of  theae  three  reaiilta  agreea  exactly  with  the  value  given 
by  Eq.  19. 

(U)  Specific  Heat  of  N^H^-UDMH  (50-50).  Specific  heat  meaaurementa  were  con¬ 
ducted  on  propellant-grade  N^jH^-UUMH  (50-50)  over  the  temperature  range 
from  2.2  to  49.2  C  (36  to  120  F).  The  rcaulta  are  Hated  in  Table  8  and 
ahown  in  Fig.  15.  Reaulta  obtained  in  both  the  plated  and  unplated  copper 
calorlmetera,  (No.  Ill  and  IV)  agreed  quite  well.  The  experimental  specific 
beat  data  were  curve  fit  to  the  following  linear  expression  over  the  tem¬ 
perature  range  from  2  to  38  C  (36  to  100  F): 

c.  ,  -  0.715  +  0.00047  t/_x  (20) 

(cal/gm-C)  ' 

The  average  deviation  of  the  data  from  this  curve  is  0.8  percent.  Hased 
on  two  data  points,  the  specific  heat  of  this  fuel  bler.d  appears  to  in¬ 
crease  nonlinearly  above  38  C. 

(U)  Tne  menaureJ  apecific  heat  for  (50-50)  la  approximately  5  percent 

greater  than  the  previously  reported  calculated  values  (lief.  12).  The 
previous  calculations  were  based  on  the  specific  heats  of  the  Individual 
eomponenta  (I'k).  18  and  19)  and  an  assumption  of  ideality  between  the  two 
components.  The  deviation  of  the  actual  specific  heat  of  this  blend  from 
that  of  an  ideal  solution  appears  reasonable.  Tlila  deviation  la  well  ea- 
tablished  In  the  present  atudy  becaiias  both  of  the  eomponenta  and  the 
mixture  were  run  In  the  aeme  calorlm-’ter. 


*7 


TABLE  8 

EXPERIMENTAL  SATURATE!)  SPECIFIC  HEAT  OF  50  V/O 
50  V/O  UDMH  RIEL  BLEND* 


1  Avera^te  Temperature , 

Specific  Heat, 
cal/go-C 

C 

F 

2.2 

36.0 

0.723“ 

3.1 

37.6 

0.710* 

4.6 

40.3 

0.715'' 

5.8 

42.4 

0.726'* 

10.7 

51.3 

0.723^ 

11.8 

53.2 

0.718'* 

16.6 

61.9 

0.727 

17.7 

63.7 

0.727 

22.8 

73.0 

0.725“ 

23.2 

73.8 

0.739* 

24.6 

76.3 

0.734'* 

27.8 

82.0 

0.725“ 

28.9 

84.0 

0.735* 

29.7 

85.3 

0.732“ 

35.5 

93.9 

0.800*'® 

36.9 

97.7 

0.850*'® 

36.9 

98.4 

0.741* 

37.7 

99.9 

0.721* 

48.3 

118.9 

0.764* 

49.2 

120.4 

0.754* 

•Swnple  vomponiiion;  51 -3  w/o  AH. 3  v/o  IDMR,  O.A  w/o  H^O  wul 

other  loliiblo  impuriiieo. 

•  .  Gold- plated  copper  aawple  container  (No.  Ill) 

b.  Copper  aample  container  (No.  IV) 

c.  ValupB  appear  to  be  erroneoua;  however,  no  experimental  reaaon  evlata 
for  oniaaion. 
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Figure  15.  Saturated  Specific  Heat  of  N^^^-UDMH  (50-50)  F\iel  Blond 
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(u)  The  only  experimental  data  reported  previously  by  others  for  this  fuel 
blend,  0.692  cal/gm-C  at  27.3  C  and  0.698  cal/gm-C  at  38.8  C  (Ref.  13), 
are  also  approximately  5  percent  lover  than  the  results  obtained  during 
the  present  study  (Eq.  20).  However,  this  earlier  experimental  work  was 
conducted  with  a  method-of-mixtures  calorimeter,  which  has  a  normal  maxi¬ 
mum  accuracy  of  ±5  percent.  An  error  of  at  least  5  percent  in  these 
earlier  data  would  be  expected  because  a  single  dewar  vessel  was  used  in¬ 
stead  of  the  customary  two  (for  the  blank  and  the  sample),  identical  heat 
losses  were  assumed  in  all  cases,  the  effects  of  vaporization  during 
opening  were  ignored,  and  a  constant-temperature  container  was  not  used 
for  the  calorimeter  dewar  vessel. 

(C)  Specific  Heat  of  MriF-3.  Specific  heat  measurements  were  initiated  on  a 
sample  of  MHP-3  (nominal  composition:  86  w/o  N^Hji^-l^i  w/o  CH^NgH^)  over 

,  a  temperature  range  of  -47.8  to  24.9  C  (-54  to  77  P).  However,  the  re¬ 
sulting  data  (Table  9)  exhibited  as  much  as  5  percent  <r.catter  in  the  worst 
cases.  Because  apparatus  calibration  data  (obtained  from  subsequent 
specific  heat  measurements  on  the  empty  sample  container)  appear  to  have 
good  precision,  and  excellent  reproducible  results  have  been  obtained 
from  the  calorimeter  during  recent  months  in  measurements  on  similar 
materials,  the  integrity  of  thii  set  of  measurements  on  MHP-3  is  suspect. 
The  reason  for  the  poor  precision  and  the  apparently  anomalous  results 
is  under  investigation,  and  there  is  an  indication  that  the  problem  is 
in  the  electrical  equipment  in  the  calorimeter  circuit. 


Thermal  Conductivity 

(U)  The  thermal  conductivities  of  three  propellants,  uns>'Tnmet rieal  dimethyl- 
hydrarine  (i.e.,  UDMH  or  (cnj)2Nf,H,,) ,  MHP-3,  and  MHF-3,  were  measured  thus 
far  in  this  program.  Tlie  apparatus  used  for  obtaining  thermal  conductivity 
data  was  a  steady-state,  concentric  cylinder  conductivity  cell,  which  was 
used  during  the  preceding  contractual  effort  (lief,  l)  to  measure  the  thermal 
conductivity  of  NJI.“(CH,),,N  n,, (50-50)  and  mrnom"‘hyl hydrazine  (i.e., 

mr  .r  ■ 
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TABLE  9 


SATURATED  SPECIFIC  HEAT  OP  Min!’-3  (PRELIMINAHY  DATA) 


Temperature 

Specific  Heat, 

C 

P 

cal/gro-C 

-47.8 

-54.0 

0.726 

-46.6 

“51.9 

O.7O6 

-40.9 

-41 .6 

0.703 

“39.6 

“39.3 

0.706 

“34.5 

“30.1 

0.705 

“33.4 

-28.1 

0.732 

-27.8 

-18.0 

0.721 

“26.6 

“I5.9 

0.717 

-22.1 

“7.8 

0.684 

-21.1 

-6.0 

0.719 

-U.9 

5.2 

0.700 

-13.8 

7.2 

0.735 

“8.9 

16.0 

0.712 

“8.0 

17.6 

0.735 

-1.6 

29.1 

0.737 

-0  4 

31.3 

0.704 

4.8 

40.6 

0.729 

5.9 

42.6 

0.715 

11.1 

52.0 

0.736 

12.1 

53.8 

0.732 

17.6 

63.7 

0.719 

18.6 

65.5 

0.716 

23.9 

75.0 

0.729 

24.9 

76.8 

0.706 

S«apl«  eompoaition: 


CIt3N2H3 

.N2H4 

IIoO 

NH3 

Other  Boluble  impurltlei 
(CH3NH2 


8A.7  v/o 
14.0  v/o 
1 .0  w/o 
0.1  w/o 
0.2i  w/o 
Traoe)i 
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(U)  The  cell  used  in  this  program  is  shown  schematically  in  Fig,  l6.  In  this 
apparatus,  the  test  fluid  is  contained  in  a  thin  annular  passage  between 
two  aluminum  alloy  cylinders.  The  annulus  is  approximately  1  inch  in 
diameter,  0.020  inch  thick,  and  5~3/4  inches  long.  The  ends  of  the  annulus 
are  sealed  with  two  Teflon  0-rings,  which  hold  the  cylinders  concentrically 
and  minimize  the  heat  conduction  path  between  the  cylinders.  To  maintain 
end  effects  at  a  minimum,  two  thermal  barriers  fabricated  of  Teflon  arc 
fitted  over  the  ends  of  the  cylinders.  The  cell  is  held  together  by  two 
stainless-steel  end  plates  which  fit  over  the  thermal  barriers.  Six  pairs 
of  copper-constantan  thermocouples  are  embedded  at  various  positions  in 
both  cylinders,  close  to  the  surface  of  the  cavity  containing  the  test 
fluid.  Thermocouple  wire  diameter  is  maintained  as  small  as  possible 
to  minimize  heat  losses.  An  electrical  resistance  heater,  located  in  the 
inner  cylinder,  supplies  the  heat  energy  to  establish  a  temperature  gradient 
across  the  liquid  layer.  The  temperature  of  the  outer  cylinder  is  regulated 
by  immersion  of  the  cell  in  a  constant-temperature  bath. 

i  ■ 

(u)  The  experimental  procedure  is  straightforward  but  rather  tedious.  A  sample 
of  the  test  fluid  is  placed  into  a  stainless-steel  loading  apparatus  attached 
to  the  cell.  By  proper  manipulation  of  the  loading  apparatvis,  the  annulus 
is  fir&t  evacuated,  and  then  the  test  fluid  is  drawn  into  the  cell.  The 
cell  is  placed  in  the  constant-temperature  bath  which  is  adjusted  to  some 
preselected  and  regulated  temperature.  Electrical  power  is  applied  to 
the  cell  heater  through  use  of  a  regulated  d-c  power  supply  until  a  tem¬ 
perature  gradient  of  the  desired  magnitude  i^s  obtained  across  the  annulus. 
Temperature  gradients  are  maintained  at  approximately  1  F  to  minimize  con¬ 
vection.  After  thermal  equilibrium  is  attained,  measurements  of  heater 
voltage  and  current  are  made  through  use  of  a  Leeds  and  Northrup  K-3 
potentiometer  in  conjunction  with  a  precision  volt  box  and  current  shunt. 

This  instrument  is  also  used  to  measure  the  temperature  gradient  across 
the  annulus  and  the  bath  temperature. 
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Figure  l6.  Theraal  Conductivity  Cell 


(u)  The  thermal  conductivity  of  the  teat  fluid  is  calculated  through  use  of 
the  equation; 


u  _5_4X 
A  AT 


(21) 


where 

k  =  thermal  conductivity,  Btu/hr-ft-F 
Q  =  heat  flux,  Btu/hr 

A  °  heat  transfer  area  normal  to  heat  flux,  sq  ft 
AX  **  liquid  layer  thickneaa,  feet 
AT  =  temperature  gradient,  F 

(u)  Prior  to  conducting  actual  thermal  conductivity  meaaurcmenta  on  teat  fluids, 
a  aeries  of  vacuum  calibrations  of  the  cell  are  made.  These  calibrations 
are  necessary  to  account  for  cell  heat  losses  along  thermocouple  wires, 
along  heater  lead  wires,  and  through  the  ends  of  the  cylinders.  Calibra¬ 
tions  arc  made  at  50  F  intervals  throughout  the  temperature  range  of 
interest.  Electrical  power  levels  required  to  maintain  given  temperature 
gradients  (~  1  F)  across  the  annulus  are  measured  at  each  operating  tem¬ 
perature.  These  heat  losses  arc  subtracted  from  the  total  heat  input 
measured  during  actual  thermal  conductivity  runs  to  obtain  a  net  bent  input. 

(u)  Thermal  Conductivity  of  UDMII.  Thermal  conductivity  measurements  were 

made  on  propellant-grade  unsymmetrical  dimethylhydrazine  (iJDMIl),  (cn.,)„N„n„, 
over  a  nominal  temperature  range  of  0.5  to  251.0  F;  the  results  oi  these 
measurements  are  presented  in  Table  10.  All  UDMH  samples  were  obtained 
from  a  single  large  quantity  of  propellant  which  was  analyzed  and  found 
to  be  within  specifications  as  presented  in  MII/-P-256{)'»C.  The  analysis 
is  presented  in  Table  10,  Tlie  initial  series  of  measurements  were  con¬ 
ducted  on  Sample  A  at  50  F  intervals  from  0  to  150  P.  To  increase  the 
reliability  of  these  data,  measurements  were  attempted  on  another  sample 
of  propellant  from  the  original  propellant  batch,  liowever,  after  the 
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sample  vaa  placed  in  the  cell  and  measurements  resumed,  abnormal  thermo¬ 
couple  output  voltage  signals  were  obtained. 

(u)  A  search  for  the  cause  of  the  difficulty  was  initiated  and  centered  about 
the  electrical  components  (and  electrical  connectors)  associated  with  the 
cell.  After  this  search  revealed  no  apparent  problem  areas,  the  problem 
was  traced  to  incomplete  filling  of  the  cell  annulus  with  the  liquid  pro¬ 
pellant.  As  a  result,  some  thermocouples  were  reading  the  temperature 
drop  across  a  liquid  layer  while  others  were  reading  the  tenperature  drop 
across  a  vapor  layer.  The  cause  of  the  difficulty  occurred  during  pro¬ 
pellant  loading  operations,  when  a  valve,  located  between  the  cell  annular 
gap  and  vacuum  pump,  apparently  lecked,  and  a  portion  of  the  propellant 
sample  was  drawn  out  of  the  cell.  Tlic  malfunction  was  corrected,  and 
measurements  were  resumed  on  a  new  propellant  charge  (Sample  B). 

(u)  Tliermal  conductivity  measurements  wore  made  using  Sample  B  at  temperatures 
of  approximately  50»  100,  I50,  200,  and  250  F.  The  data  obtained  with 
samples  A  and  B  compared  favorably  in  the  overlapping  range,  i.e.,  from 
50  to  150  P.  A  third  propellant  charge,  Sample  C,  of  the  original  batch 
was  placed  in  the  cell,  and  measurements  were  made  at  200  and  250  P.  Again, 
the  data  compared  favorably  with  the  data  obtained  with  Sample  B  at  200  and 
250  P.  Sample  D  was  placed  in  the  cell  suid  duplicate  measurements  at  the 
0  P  temperature  level  were  made.  One  data  point  talten  at  tliis  temperature 
level  was  discarded  because  of  its  disagreement  with  Hie  other  data  and 
because  its  deviation  from  the  average  was  greater  than  twice  the  standard 
deviation. 

(u)  The  valid  data  were  curve  fit  from  O.5  to  251. 0  F,  and  a  grapbica)  presenta¬ 
tion  is  shown  In  Pig.  17.  Tlie  equation  which  represents  the  date  is: 

'•(nt../hr-it-p)  <-’> 

The  standard  deviation  of  the  least  squares  curve  fit  is  0.0017  lUu/hr-ft-P. 
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(c)  Thermal  Conductivity  of  MnP-3.  Following  completion  of  measurements  on 
UDMII,  thermal  conductivity  determinations  were  made  on  the  MIIP-3  fuel 
blend  (nominally  86  w/o  MMH-14  w/o  hydrazine).  Measurements  were  con¬ 
ducted  on  two  different  propellant-grade  samples  (A  and  B)  at  approximately 
50  P  intervals  over  the  temperature  range  of  0.4  to  251.3  F-  The  results 
of  these  measurements,  presented  in  Table  11,  show  that  the  thermal  con¬ 
ductivity  of  MIIP-3  ranges  from  0.170  to  0.128  Btu/hr-ft-P  over  this  tempera¬ 
ture  range. 

(c)  The  data  were  curve  fit  from  0.4  to  251.3  F  and  a  graphical  presentation 

of  the  data  is  shown  in  Fig.  18.  The  equation  which  represents  the  data  is: 

‘(Bta/hr-ft-F)  ’  “  ‘  *(F)  "  *  ‘(r/ 

The  standard  deviation  of  the  least  squares  curve  fit  is  0.0025  Btu/hr-ft-F, 

(u)  During  the  measurements  on  propellant  sample  B,  unstable  thermocouple 

voltages  were  observed.  This  was  finally  traced  to  a  poor  electrical  con¬ 
nection  in  the  apparatus  measurement  system.  After  repair  and  checkout 
tests  (in  which  the  apparatus  functioned  norra.ally),  the  MlIP-3  thermal  con¬ 
ductivity  measurements  were  completed. 


(c)  The  two  MIIF-3  samples  used  in  the  measurements  were  obtained  from  a  specific 
batch  of  propellant  prepared  for  this  purpose.  The  HJIP-3  fuel  blend,  which 
has  a  nominal  composition  of  86  w/o  nonomethylhydrazine,  and  14 

w/o  hydrazine,  was  blended  from  propellant  grade  samples  of 

and  M^I^.  Ttie  blond  was  prepared  under  a  nitrogen  atmosphere  in  a  dry  box 
to  prevent  moisture  absorption  end  fuel  reaction  with  oxygen  and  carbon 
dioxide  in  the  air.  Tho  results  from  chemical  analysis  of  tho  homogeneous 
blend  are  listed  in  Table  11. 


(c)  Thermal  Conductivity  ot  Subsequent  to  the  completion  of  mcasureni'nts 

on  fiIIP-3,  thermal  conducllvi ter.iinationu  were  initiated  on  the  MIIP-3 
fuel  blend  using  the  same  cell  and  txperinental  technique.  Because  a  ssoeple 
of  the  MIIF-3  fuel,  which  has  a  nominal  composition  of  55  w/o  5“  w/.> 
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TABLE  11  j 

I 

EXPERIMENTAL  THERMAL  CONDUCTIVITY  DATA  ON  MHF-3 


SaiBpl« 

Temperature , 

F 

Thermal  Conductivity, 
Btu/hr-ft-P 

B 

0.4 

0.166 

mm 

0.4 

0.166 

■9 

0.7 

0.167  i 

IS 

0.7 

0.170 

51.0 

0.166 

■■ 

50.9 

0.163 

8 

51.1 

0.168 

■■ 

51.1 

0.166 

mm 

100.7 

0.154 

IB 

100.7 

0.156 

8 

100.6 

0,155 

mm 

100.6 

0.160 

BS 

150.7 

0.146 

■B 

150.7 

0.148 

8 

150.6 

0,148 

■■ 

150.6 

0,U6 

IB 

201.1 

0,141 

IB 

201.1 

0,142 

IB 

201.2 

0.138 

201.2 

0.136 

IB 

251.2 

0,134 

IB 

251.2 

0.132 

IB 

251.3 

0,128 

mm_ 

251.3 

0.130 

*8n*plt  coapoiiltloo:  B5.1  m/o 

13.9  w/o 

lljjO  0.8  v/o 

NHj  O.l 

0Ui«r  BolubU  0.1  v/» 
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Figure  18.  Thermal  Conductivity  of  Miff-? 
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and  19  v/o  vaa  not  available,  a  amall  sample  vas  prepared 

tram  propellant-grade  aamplej  of  and  and  an  analytical  grade 

sample  of  NH^NO^.  The  sample  was  prepared  in  an  inert  atmosphere  of  dry  * 
nitrogen  in  a  dry  hox  to  prevent  the  propellants  from  absorbing  moisture 
and  from  reacting  vith  oxygen  and  carbon  dioxide  in  the  air.  Because 

vaa  not  available,  NHj^NO^  vas  used  to  prepare  the  hydrazine  salt. 
The  NHj^NO^  vas  added  to  the  CR^N^H^,  rather  than  to  the  fo  minimize 

the  salt  concentration  and  hence  the  impact  sensitivity  hazard.  The  tem¬ 
perature  of  the  solution  vaa  continuously  monitored  during  the  addition 
of  NH^NO^  and  a  alight  temperature  rise  vas  noted.  Ammonia  produced  in 
the  solution  vaa  reduced  to  an  acceptable  level  by  vacuum  distillation. 

The  blending  process  vaa  completed  by  adding  (lost  during  the  dia- 

tillatijn)  and  The  chemical  analysis  of  the  resulting  fuel  blend 

is  presented  in  Table  12. 


(c)  An  initial  series  of  measurements  vas  conducted  on  a  sample  (designated 
as  Sample  A)  of  MIIP-5  at  approximately  50  P  intervals  over  a  temperature 
range  extending  from  0.5  to  201.0  F;  the  results  of  <the8e  measurements 
are  presented  in  Table  12.  Preliminary  test  results  indicate  that  the 
thermal  conductivity  of  MIIF-5  varies  from  0.188  to  0.171  Btu/hr-ft-F  over 
this  range.  To  increase  the  reliability  of  these  data,  another  series  of 
measurements  vill  be  made  over  approximately  the  same  temperature  range 
on  a  second  sample  of  propellant  from  the  sane  batch  of  the  MRP-5  fuel 
blend.  The  thermal  conductivity  cell  vas  thoroughly  flushed  and  dried  in 
preparation  for  this  second  series  of  measurements.  Folloving  loading 
of  the  cell  vith  propellant,  thermal  conductivity  measurements  vill  be 
continued  on 


(U) 


Ihider  the  present  program,  viscosity  measurements  have  been  planned  for 
a  variety  of  propellants  at  extended  temperatures  aiid  pressures.  To  satisfy 
all  potential  viaoesity  requirements,  an  all-metal  capillary  viscometer  vas 
designed  for  the  measurements.  The  capillary  fiov  technique  vaa  solected 
baeaase  of  the  relative  aimplioity  of  the  viscometer's  construction  and  operat 
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TABLE  12 

PRELIMINAItY  EXPUIIMENTAL  TIlEllMAL  dlNDUCTIVITY  DALV  ON  MIIF-5* 


Sample 

Temperature , 

F 

Tliernial  Conductivity, 
ntu/hr-ft-F 

A* 

0.3 

0. 1H7 

A 

0.5 

0.1  «8 

A 

50.9 

0.183 

A 

50. H 

0.185 

A 

100. () 

0.180 

A 

100.0 

0.180 

A 

150.5 

0.175 

A 

150.5 

0.1 7() 

A 

200.  H 

0 . 1 72 

A 

201  .0 

0.171 

♦Sample  compoaition;  ClLNyll- 

.  9 

w/o 

25.  (» 

w/ 0 

•IINO.J 

18. 9 

w/o 

0.2 

w/o 

! 

t  ^ 

O.h 

w/ o 

(u)  Till'  dcaii^rn  of  ilio  apparatiiH  in  aliowii  aclnMnat  irni  I  \  in  Kid.  1'^.  In  tliia 

•pporatua,  (In'  viaconity  ia  olitaiiiod  liy  oliaciivin)'  llii-  flovrntr  t'li-oiiKli  Iho 
capillary  iuliJiiK  and  <hi'  corrcapondtnp;  driving  fluid  lioad,  which  in  thia 
apparctua,  ia  a  aimpic  gravity  hi-ad  rcaiiliing  from  a  d  i  f  fcronrc  in  tin* 
elevation  of  tin*  liquid  level  in  the  two  lego  of  tlie  IJ-tiihe.  Tlie  reaervoir 
in  one  of  theae  lega  ia  a  aection  of  0.71-inrh  luhing  which  contnina  a 
magnetic  float  at  the  gaa-liquid  interface.  The  pnaition  of  thia  float 
within  a  vertical  range  of  approxi.nately  U  inrhea  ia  aenaed  by  a  differential 
tranafonser  unit  aurrounding  the  tubing.  For  the  other  leg  of  the  ll-tube, 
valvea  B  and  V.  provide  a  clioire  between  a  l-l/2-tnrh  and  l/H-inrh  tubing 
reaervoir. 
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Ilgur«  19>  Capillaxy  Viaoometer  Schematic 
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(u)  The  viscometer  is  constructed  entirely  of  stainless-steel  tubing  and 

fittings  to  permit  testing  corrosive  liquids  at  pressures  up  to  1000  psi. 

The  capillary  tubing  is  0.025-inch  ID  and  approximately  26-1/2  inches  long. 

This  long,  large-bore  capillary  was  selected  in  an  attempt  to  minimize  the 
relative  importance  of  entrance  and  exit  friction  losses  at  low  kinematic 
viscosities,  which  may  approach  0.1  centistoke  for  propellants  of  interest. 

For  the  case  of  flow  between  the  3A-inch  float  reservoir  and  the  1-1/2- 
inch  reservoir,  this  capillary  would  lead  to  experimental  flow  times  ranging 
from  minutes  to  hours  in  the  viscosity  range  contemplated.  To  increase 
the  speed  of  the  test  process  at  the  higher  viscosities,  the  option  of 
the  3/8- inch  reservoir  has  been  provided,  which^  permits  setting  up  a  much 
larger  differential  head  within  the  operating  range  of  the  transducer  and 
float.  In  addition,  this  option  permits  testing  of  a  given  viscosity  u.ider 
significantly  different  driving  heads,  flow  velocities,  and  hence,  ReyTiolds 
numbers,  for  the  capillary.  This  feature  could  permit  estimation  or  cal¬ 
ibration  of  the  end  effects  at  low  viscosities.  It  may  be  possible  to  ex¬ 
tend  the  applicability  of  the  viscometer  into  a  range  where  end  effects 
are  important  through  a  technique  of  self-calibration,  in  which  a  given 
viscosity  is  measured  over  a  sufficiently  wide  Iteynolds  number  range. 

(u)  Not  shown  in  the  figure  are  accessory  connections  and  valving  for  loading, 
venting,  and/or  pressurizing  the  viscometer  with  inert  gas.  The  overall 
unit,  approximately  3  feet  tall,  is  housed  in  a  temperature-controlled 
dry  box  equipped  with  heater,  circulation  fans,  thermocouples,  pressure 
transducer,  etc. 

(U)  In  operation,  the  viscometer  is  filled  with  liquid  propellant  to  an  eleva- 

I 

tion  within  the  sensing  range  of  the  float  and  transformer.  A  differential 
head  is  established  between  the  float  reservoir  and  one  of  the  other  reservoirs 
by  inert  gas  pressurization  or  by  venting  propellant  vapors  from  one  of 
the  reservoirs.  Subsequently,  this  head  is  allowed  to  dissipate  by  flow 
through  the  capillary  tubing.  A  line  and  valve  (d)  connecting  the  gas 
spaces  of  the  float  reservoir  and  the  other  reservoirs  separate  these 
spaces  while  establishing  the  initial  liquid  head,  and  permit  equalization 
of  the  pressure  over  the  liquid  during  the  capillary-flow  process.  The 
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flow  through  the  capillary  may  he  in  either  direction;  the  choice  of  flow 
direction  determines  the  elevation  of  initial  fill,  or  equilibrium  liquid 
level  position,  within  the  ran^e  of  the  float  and  transformer. 

(u)  Calibration  of  the  relative  volumetric  capacities  of  the  U-tube  legs  es¬ 
tablishes  differential  liquid  heads  as  a  function  of  float  position  with 
reference  to  the  equilibrium  position.  Valve  A  allows  bypassing  the  capil¬ 
lary  tubing  to  facilitate  the  processes  of  establishing  a  differential 
head  and  the  equilibrium  position.  Viscosity  is  determined  from  the  time 
history  of  head  dissipation  in  flow  through  the  capillary  plus  calibration 
of  its  flow  resistance. 

(u)  The  flow  process  leads  nominally  to  an  exponential  deoay  of  liquid  head 
with  time  which  may  be  given  as 

(1°  *)  -  S  (24) 

where  x  is  float  displacement  from  the  equilibrium  position,  t  is  time, 

U  is  the  kinematic  viscosity  of  the  liquid,  and  C  is  a  nominally  constant 
factor  involving  fundamental  constants  and  instrument  parameters  (capillary 
length  and  radius,  and  areas  of  the  U-tube  reservoir  arms). 

(U)  The  principal  calibration  factor,  C,  was  obtained  from  tests  with  a  liquid 
of  known  kinematic  viscosity.  Calibration  runs  were  made  with  deionized 
water  at  temperatures  of  approximately  6?  V  (kinematic  viscosity  approxi¬ 
mately  1.0  centistoke),  110  F  (0.6  centistoke),  and  160  P  (0.4  centistoke). 
Several  tests  were  conducted  at  each  viscosity  level  using  each  of  the 
optional  secondary  reservoirs  which  complete  the  U>tubc  with  the  float 
reservoir. 

(u)  The  performance  of  the  viscometer  was  generally  satisfactory  during  these 
tests;  the  exponential  decay  of  float  position  with  time  was  accurately 
realized;  no  float  sinkings  were  experienced.  Values  derived  for  the 
principal  calibration  factors  (C  corresponding  to  each  optional  secondary 
arm)  were  consistent  within  3  percent,  and  agree  reasonably  well  with 
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eitimateE  based  on  dimcnaiona  of  the  apparatus.  The  scatter  in  experi- 
nental  values  vas  largely  due  to  uncertainty  or  variation  in  the  tempera¬ 
ture,  and  hence  the  viscosity,  for  a  run.  Temperature  has  negligible 
direct  effect  on  the  instrument  parameters. 

(u)  Viscosity  of  Chlorine  Pentafluoride.  After  apparatus  calibrations  had 
been  completed,  viscosity  measurements  vete  initiated  on  chlorine  penta¬ 
fluoride,  ClFj,  to  extend  the  experimental  data  above  the  presently  avail¬ 
able  temperature  range,  -130.5  to  68  F  (Ref.  l).  During  initial  determinations 
with  CIF^  the  instability  of  the  open-cup  float  vas  found  to  be  a  serious 
experimental  problem.  It  vas  assumed  that  the  float  vould  sink  if  sufficient 
liquid  vere  allowed  to  condense  inside  it,  and  this  condition  vould  be 
■ore  likely  to  occur  with  relatively  high  vapor  pressures  (e.g.,  at  higher 
temperatures  and  with  relatively  volatile  liquids  like  CIF^).  Tims,  pre¬ 
cautions  were  observed  in  the  experimental  procedures  to  prevent  this  occur¬ 
rence.  However,  despite  these  preventative  measures,  the  float  consistently 
failed  to  remain  afloat  during  the  first  trial  runs  with  CIF^.  Upon  dis¬ 
assembly  of  the  apparatus  it  vas  found  that  float  sinking  vas  actually  due 
to  leakage  of  liquid  through  a  corrosion  pinhole.  After  replacing  the 
float,  sinkings  have  only  been  experienced  during  operations  involving 
thermal  fluctuations,  as  in  heating  the  apparatus  and  setting  up  the  initial 
liquid  head.  More  efficient  experimental  procedures  are  being  developed 
to  overcome  these  difficulties. 

(U)  In  the  initial  viscosity  determinations  on  ClFjj,  it  was  observed  that  the 
viscometer  can  apparently  operate  near  0.1  centistoke  without  introducing 
significant  end-effect  problems.  During  tosts  near  this  level,  a  sub¬ 
stantial  portion  of  the  float  travel  follows  the  exponential  deray  law 
expected  with  simple  streamline  flow  resistance.  As  a  result  of  these 
determinations,  two  viscosity  points  have  been  obtained  for  propellant- 
grade  CIF^  at  154  and  176  F  under  saturated  liquid  conditions.  Tliese 
data  are  presented  in  Table  I3> 

(u)  l^ch  data  point  in  Table  13  represents  three  measurements  within  F 
and  better  than  1  percent  precision.  Density  data  used  for  the  reduet  ion 


of  kinematic  viscosity  to  absolute  viscosity  vas  talcen  from  Ref.  8.  The 
correlation  of  these  initial  data  with  the  previously  reported  data  (Ref.  l) 
appears  reasonable;  however,  additional  measurements  must  be  obtained  in 
the  present  viscometer  to  provide  a  reliable  ertension  of  the  CIF^  viscosity 
data  over  the  complete  temperature  range. 


TABLE  13 


EXPERIMINTAL  CHLORINE  PDiTAFLUORIDE  VISCOSITY  DATA 


Kinematic 

Absolute 

Temperature, 

Vidcosity, 

Viscosity, 

F 

centistokes 

centipoises 

154 

0.134 

0.215 

176 

0.121 

0.185 
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imSE  Hit  EV\LU4TI0N  km  COHPIUTION  OP  JATk 


OBJECTIVE 

(u)  Daring  the  entire  period  of  the  contractual  program,  efforts  under  Phase  III 
have  been  directed  toward  the  assembly  of  all  data  generated  during  Phases  I 
and  II,  verification  of  all  the  data  sources,  critical  evaluation  and  com¬ 
parison  of  conflicting  data,  and  tabulation  and  correlation  of  the  results. 
Where  final  selection  of  the. beat  values  has  been  completed,  they  are  pre- 
iented  in  this  report,  as  discussed  in  the  following  paragraphs. 

HESDLTS  AND  ACCCMPLISHMINTS 

(u)  Concurrently  with  the  data  evaluation  of  Phase  III,  comprehensive  bibli¬ 
ographies  of  physical  properties  data  are  being  compiled  from  references 
obtcined  through  the  Phase  I  literature  survey.  Each  selected  propellant 
la  being  described  with  a  list  of  references  for  each  of  its  individual 
physical  properties.  These  compilations  are  not  only  useful  to  those  who 
use  the  data,  but  also  provide  guides  for  the  final  assembly  of  data. 

(U)  As  these  bibliographies  are  compiled,  all  of  the  original  sources  of  ref¬ 
erenced  data  are  ordered,  if  they  are  not  already  on  file,  and  checked 
for  accuracy  and  originality  of  data.  Secondary  sources  are  used  only 
where  primary  so\irces  are  not  available  and  are  referenced  as  such.  As 
far  as  can  be  determined  from  a  preliminary  evaluation  of  the  data,  com¬ 
pletely  unreliable  data  are  not  used. 

(U)  Using  these  bibliographies  as  guides,  the  physical  properties  are  then  com¬ 
piled  into  data  sheets.  All  of  the  available  data  are  critically  evaluated 
and  presented  in  both  metric  and  English  units.  When  agreement  among  vari¬ 
ous  sets  of  data  is  good,  these  data  are  combined  and  curve  fit  with  a 
least-squares  curve  fit  computer  program.  The  resulting  equations  are 
included  with  the  graphical  representations  of  the  data. 
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(U)  During  the  initial  term  of  this  contract,  physical  properties  bibliographies 
were  prepared  for  (Appendix  A)  and  (Appendix  B),  and  data  sheets 

were  cozapiled  for  (Appendix  C).  In  addition,  preparation  of  a  bibli¬ 

ography  on  N20^  physical  properties  has  been  initiated. 

Diborane 

(u)  Except  for  the  references  cited  under  "General  Reviews,  Bibliographies, 
and  Physical  Property  Compendia,"  and  some  of  the  references  appearing 
under  "General  Chemistry,  Reactions  and  Theory,"  the  referenced  data  in  the 
bibliography  (Appendix  A)  are  original.  All  secondary  sources  are 
noted  as  such. 

(u)  It  should  be  noted  that  references  to  B2l^  heat  of  formation  are  limited  to 
two  primary  sources  and  a  compendium.  The  JANA.F  Thermo chemical  Data  tables, 

*  which  are  accepted  as  the  recommended  source  for  thcrmochemical  data, 

include  a  weighted  value  fron  the  references  presented  in  the  bibliography 
and  other  primary  sources.  The  two  primary  sources  selected  for  inclusion 
in  the  bibliography  represent  the  experimental  values  of  direct  determinations. 


(u)  In  the  bibliography  (Appendix  B),  the  work  of  Audricth  and  Ogg  has 

been  referenced  several  times  as  a  secondary  source  of  data.  In  these 
instaucce,  extensive  data  are  presented  along  with  curve-fit  equations  for 
the  particular  property.  It  should  also  be  noted  that  there  is  a  disagree¬ 
ment  ejaong  ti;e  values  for  the  heat  of  fusion  of  Scott  and  co-workers 

obtained  a  t'aluc  of  3f^25  cal/mole  for  the  heat  of  fusion  of  at  the 

melting  point.  Previously,  values  of  1000  and  1020  cal/molo  had  been 
reported  by  Giguere,  ana  liicber  and  Woerner,  respectively. 

(u)  Using  tha  bibliography  as  a  guide,  a  compilation  of  physical  properties 

data  was  prepared.  These  data  sheets  (Appendix  C)  presented  in  both  metric 
and  English  units,  are  Rocketdync's  recommendations  for  the  best-value  datzi 


70 


T 


jt 


tor  the  physical  properties  of  hydrazine.  All  available  properties  data 
for  hydrazine  were  critically  evaluated,  and  the  most  representative  values 
are  included  in  the  data  sheets. 


Nitrogen  Tetroride 

(U)  Compilation  of  a  physical  properties  bibliography  for  nitrogen  tetroxide 
(N^O^)  has  been  initiated.  All  of  the  references  obtained  through  the 
literature  survey  are  being  placed  on  indexed  punch  cards. 


TlAa 


EEFUUNCES 


1.  AFRPL-TR-66-122,  Final  Report,  Engineering  Properties  of  Rocket 
Pronellanta .  Contract  AP04(6ll) -10546,  Rocketdyne,  a  Division  of 
North  American  Aviation,  Inc.,  Canoga  Park,  California,  July  1966, 
CONFIDENTIAL. 

2.  Banka,  A.  A.  and  A.  J.  Rudge:  "The  Determination  of  the  Liquid 
Density  of  Chlorine  Trifluoride,"  J.  Chen.  Soc.,  191  (l950)* 

3*  Griaard,  J.  W. ,  H.  A.  Bernhardt,  and  G.  D.  Oliver:  "Thermal  Data, 

Vapcr  Preaaure  and  Entropy  of  Chlorine  Trifluoride,"  J.  Am.  Chcm.  Soc. . 
22.  5725  (1951). 

4.  Poole,  D.  R.  and  D.  G.  Nyberg:  "High  Pressure  Densimeter,"  J.  Sci. 
Inatni. .  JO,  576  (1962). 

5*  Greenspan,  M.  and  C.  E.  Tschiegg:  "Tables  of  the  Speed  of  Sound  in 
Water,"  J.  Acoust.  Soc.  Am..  Ji,  75  (l959). 

6.  Wilson,  W.  D. ;  "Speed  of  Sound  in  Distilled  Water  as  a  Function  of 
Temperature  and  Pressure,"  J.  Acoustical  Soc.  An. .  31 ■  106?  (l959). 

7.  Wilson,  W.  D.  and  D.  Bradley:  "Speed  of  Sound  in  Four  Primary  Alcohols 
as  a  Function  of  Temperature  and  Pressure,"  J.  Acoustical  Soc.  Am.. 

26,  No.  2,  333  (1964). 

8.  AIRPL-TR-65'-51 ,  Final  Report.  Preparation  and  Characterisation  of  a 
Nev  High  IViergy  Oildirer,  Contract  AI'X)4(6l l)-9563 ,  Rocketdyne,  a 
Division  of  North  American  Aviation,  Inc.,  Canoga  Park,  California, 
i^>rll  19<5.  C0NFn)INTIAI.. 

9.  Scott,  D.  W. ,  et  al.,  J.  Am.  Chcm.  Soc..  21.  2293-7  (1949). 

10.  White,  W.  P. :  *1110  Modem  Calorlastei\"  Aw.  Them,  Soe.  Monogr.  Ser. 

No.  42,  New  York,  1928,  pp  37-49. 

11.  Aston,  J.  0.,  et  al.,  J.  Awer.  Chew.  Soc..  JJ,  6202  (1953). 


73 


12«  AIBSD-TR-62-2 ,  Titan  II  Storable  Propellant  Handbook.  Contract 

AP04(694)-72,  Bell  Aerosystcms  Company,  Division  of  Bell  Aerospace 
Corporation,  Buffalo,  New  York,  March  1962. 


13 •  I'I'KL-TOR-^  1-21,  Quarterly  Progress  Report  No.  2,  Storable  Propellant 
Data  for  the  Titan  II  Program.  Contract  AF04 (611) -6079 »  Bell 
Aerosystems  Company,  Division  of  Bell  Aerospace  Corporation,  Buffalo, 
New  York,  January  1961. 


APPBiPIX  A 


(U) 


PHYSICAL  PROPIETY  BIBLIOGRAPHY 

GENERAL  IDEOTIFICATION 

Molecular  Vcight 

International  Atomic  Veighta,  1959* 

Stock,  A.,  E.  Kusa,  an«l  0.  Prieaa,  "Boron  Hydridea.  V.  Action  of 
Chlorine  and  Bromine  on  B^H^  and  The  Valence  of  Boron," 

Chemiache  Berichte.  iZ  3115-49  (1914)  (Cer.). 


Molecular  Structure 


Bartell,  L.  S.,  and  B.  L.  Carroll,  "Electron-Diffraction  Study  of 
Diborane  and  Deuterodiborane,"  J,  Chem,  Phva..  4&  (4),  1135-9 
(1965). 

Bedberg,  K. ,  and  V.  Sohomaker»  "A  RrinTeatigation  of  the  Struciurea 
of  Diborane  and  Ethane  by  Electron  Diffraction,"  J,  Awer.  Chew,  Soc.. 

21,  1482-7  (1951). 

Price,  W.  C,,  "The  Structure  of  Diborane,"  J.  Chem,  l*hyB..  15. 

614  (1947). 

Price,  W.  C.,  "The  Abaorptlon  Spectrum  of  Diborane,"  J,  Chew,  Phva.. 
16,  894-902  (1948). 


i?enerftLJb!vieyi,  lHbliog.raphiei. 

AOC  IJRP-178,  "lliyaical  Proportlea  of  Liquid  Propellanta,"  Aerojet 
General  Corporation,  Sacramento,  California  (l5  July  I960). 


Ar-1 


The  Battellc  Memorial  Institute,  Columbus,  Ohio,  Liquid  Propellants  Handbook. 
Vol.  2,  "Boron  Compounds, "(1958)  CONFIDENTIAL. 

Diboranc — Space  Storable  Fuel.  Callery  Chemical  Company,  Callery, 

Pennyslvania  (January  1962). 

LP-lOO,  Technical  Bulletin.  Diborane,  Propertiea,  Specifications. 
and  Handling  Manual.  Olin  Mathieson  Chemical  Corporation,  Energy 
Division,  Niagara  Falls,  New  York  (duly  1959). 

Major,  Coleman,  "Technology  of  Boron  Hydrides,"  Chem.  Ehg,  Progress. 

51  (3),  49-54  (1958). 

Mikhailov,  B.  M. ,  "Chemistry  of  Diborane,"  Russian  Chemical  Revlpvs. 

II,  417-51  (1962)  (Biglish  translation). 

Miller,  8.  8.,  "Boron  hydrides  and  Derivatives,"  IPIA  LBH-1  (June  I962). 


and  Properties.  Rncketdyne,  a  Division  of  North  American  Aviation,  Inc., 
Canoga  Park,  California  (December  1964)  CONFlDiNTlAL. 


Siegel,  Bernard,  and  Julius  L.  Mock,  "The  Boron  Itydrides,"  J.  Chem. 
JEd-i  5!b  314-7  (1957). 


ITIASE  PHOPEXTIIS 


Clark,  John  T.,  E.  B.  Rifkin,  and  It.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  III.  Heat  Capacity,  Heat  of  ^^lelon,  Heat  of  Vaporisation, 
Vapor  Pressures  and'Bitropy  of  Dikoiane  between  I3*K  and  the  Boiling 
Point  (180.32*K),"  J,  Awer.  Chem.  Roe..  25,  7H1-5  (1953). 

Virth,  H.  P. ,  and  E.  D.  Palmer,  "Vaj»or  Pressure  and  Dielectric 
Constant  of  Diborane,"  J.  Phys.  Chem..  60,  911-13  (1956). 


A-2 


I 


1 


Boiling  Point 

Clarke,  John  T.,  E.  B.  Rifkin,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  III.  Heat  Capacity,  Heat  of  Fusion,  Heat  of  Vaporization, 
Vapor  Pressures  and  Entropy  of  Diborane  between  13*K  and  the  Boiling 
Point  (180.32*K),"  J.  Amer.  Chem.  Soc..  21,  781-5  (l953). 

Poridon,  L.  J. ,  and  G.  E.  KacVood,  "Vapor  Pressure  of  Diborane," 

J.  PhYs.  Chem..  1997  (1959). 

Bifkin,  E.  B. ,  E.  C.  Kerr,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  IV.  The  Heat  Capacity  and  Vapor  Pressure  of  Saturated 
Liquid  Diborane  above  the  Boiling  Point."  J.  Amer.  Chem.  Soc..  75. 

785-8  (1953). 

Virth,  H.  F. ,  and  E.  D.  Palmer,  "Vapor  Pressure  ard  Dielectric 
Constant  of  Diborane,"  J.  Phvs.  Chem..  60,  911-13  (1956). 


Triple  Point 

Clarke,  John  T. ,  E.  B.  Rifkin,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  III.  Heat  Capacity,  Heat  of  Fusion,  Heat  of  Vaporiza¬ 
tion,  Vapor  Pressure#  and  Entropy  of  Diborane  between  13*K  and  the 
Boiling  Point  (180.32*K),"  J.  Amer.  Chem.  Soc..  21,  7P1-5  (l953). 


Critical  Constants 

Newkirk,  A.  E. ,  "Critical  Temporature  and  Pressure  of  Diborane," 
J,  Amer.  Chem,  Sue..  70.  1978  (19>.H). 


Density,  Liquid 

Laubengayer,  A.  V.,  R.  P.  Ferguson,  and  A,  E.  Newkirk,  "The  Densities, 
Surface  Tensions,  and  Pnrachors  of  Diborane,  Boron  Trlethyl,  and 
Boron  Trlbromlde,  The  Atomic  Parachor  of  Boron."  J,  Amer.  Chem,  Soc.. 
559-61  (I9M). 

A-3 


Smith,  S.  H. ,  Jr.,  and  R.  R.  Hiller,  "Some  Physical  Properties  of 
Diborane,  Pentaborane^and  Aluminum  Borohydride,"  J,  Amer.  Chem.  Soc., 
22.  1453-4  (1950). 

Stock,  A.,  E.  Wiberg,  and  V.  Mathing,  "Boron  Hydrides.  XXV.  The 
Parachor  of  Diborane,  B^H^."  Chcmische  Berichte.  69B.  2811-15  (l936) 
(Cer.). 


Density.  Vapor 

Carr,  E.  M. ,  J.  T.  Clarke,  and  H.  L.  Johnston,  "Vapor  Density  of 
Diborane,"  J.  Amer.  Chen.  Soc..  71.  740-1  (1949). 

Rifkin,  E.  B. ,  and  6.  V.  Thomson,  "Vapor  Density  of  Diborane," 

J.  Amer.  Chem.  Soc..  72.  4825-6  (l930). 

Smith,  S.  H. ,  Jr.,  and  R.  R.  Miller,  "Some  Physical  Properties  of 
Diborane,  Pentaborane  and  Aluminum  Borohydride,"  J.  Amer.  Chem.  Soc.. 

22,  1453-4  (1950). 

Stock,  A.,  E.  Viberg,  and  V.  Mathing,  "Boron  Hydrides.  XXV.  The 
Parachor  of  Diborane,  B^Hg,"  Chemische  Berichte.  69B.  2811-15 
(1936)  (Gcr.)  (can  be  calculated  from  the  data  given). 

Vapor  Pressiire 


Clarke,  John  T.,  E.  B.  Rifkin,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  III.  Heat  Capacity,  Heat  of  FVisiop,  Heat  of  Vaporisa¬ 
tion,  Vapor  Pressures,  and  ftitropy  of  Diborane  between  13*K  and  the 
Boiling  Point  (1B0.32*K),"  J.  Amer.  Cheia.  Soc..  75.  781-5  (1953). 

Ditter,  J.  P. ,  J.  C.  Perrins,  and  I.  Shapiro,  "Vapor  Pressure  of 
Deuterodiborane,"  J.  Chew.  Data.  6,  271  (l96l). 


Poridon,  Leo  J. ,  and  Georgs  E.  MacVood,  "Vapor  Prsssurs  of  Diborane," 
J.  Phys.  Chem..  199?  (1959). 


T 

1 


Sifkin,  E.  B. ,  E.  C.  Kerr,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  IV.  The  Heat  Capacity  and  Vapor  Pressure  of  Saturated 
Liquid  Diborane  above  the  Boiling  Point,"  J.  Amer.  Chem.  Soc..  75. 
785-8  (1953). 

Smith,  S.  H. ,  Jr.,  and  R.  R.  Miller,  "Some  Physical  Properties  of 
Diborane,  Pentaborane  and  Aluminum  Borohydride, "  J.  Amer.  Chem.  Soc.. 
22,  1453-4  (1950). 

Stock,  A.,  E.  Viberg,  and  V.  Mathing,  "Boron  ^drides.  XXV.  The 
Parachor  of  Diborane,,  B^H^,"  Chendsche  Berichte.  69B.  2811-15  (l936) 
(Ger. ). 

Virth,  H.  F. ,  and  E.  D.  Palmer,  "Vapor  Pressure  and  Dielectric 
Constant  of  Diborane,"  J.  Phys.  Chem..  60.  911-13  (l956). 

Surface  Tension 

Laubengayer,  A.  V.,  R.  P.  Ferguson,  and  A.  E.  Mewkirk,  "The  Densities, 
Surface  Tensions,  and  Parachors  of  Diborane,  Boron  Tri ethyl,  and 
Boron  Tribromide.  The  Atomic  Parachor  of  Boron,"  J,  Amer.  Chem.  Soc.. 
559-61  (1941). 

Smith,  8.  H. ,  Jr.,  and  R.  R.  Miller,  "Some  Physical  Properties  of 
Diborane,  Pentaborane  and  Aluminum  Borohydride,"  J.  Amer.  Chem.  Soc.. 
22.  1453-4  (1950). 

Stock,  A.,  E.  Viberg,  and  W.  Mathing,  "Boron  Hydrides.  XXV.  The 
Parachor  of  Diborane,  B^II^,"  Chewieche  Berichte.  ^98.  2811-15 
(1938)  (Ger.). 


Tarachor 

Laubengayer,  A.  W. ,  R.  P.  Ferguson,  and  A.  E.  Newkirk,  "The  Densities, 
Surface  Tensions,  and  Parachors  of  Diborane,  Boron  Trlethyl,  and  Boron 
Tribromide.  The  Atomic  Parachor  of  Boron,"  J,  Amer.  Chew.  Soc..  63. 
559-61  (1941). 

A-5 


I 


..J 


i 


stock,  A.,  E.  Viberg,  and  V.  Kathing,  "Boron  Hydrides.  XXV.  The 
Parachor  of  Diborane,"  Chcnlsche  Berichte.  2811-15  (1936)  (Cer. ). 


Connresaibility 

Galbraith,  H.  J. ,  and  J.  F.  Masi,  "A  Generalized  Data-Fitting  Routine 
for  the  LGP-30  Computer;  Application  to  Real-Gas  Properties  of 
Diborane,"  Thermodynamic  and  Transport  Properties  Gases,  Liquids  and 
Solids  Papers,  presented  at  the  Symposium  on  Thermal  Properties, 
Lafayette,  Indiana  (l959)  pp.  251-74* 

Smith,  S.  H. ,  Jr.,  and  R.  R.  Miller,  "Some  Physical  Properties  of 
Diborane, Pentaborane  and  Aluminum  Borohydride, "  J.  Amer.  Chem.  Soc.. 
22,  1453-4  (1950). 

TIIERMODWAMIC  PROPlimiS 

General  Thermodynamic  Properties  and  Functions 

Galbraith,  H.  J. ,  and  J.  F.  Masi,  "A  Generalized  Data-Fitting  Routine 
for  the  LGP-30  Computer;  Application  to  Real -Gas  Properties  of 
Diborane,"  Thermodynamic  and  Transport  Properties  Gases,  LifiniJs 
and  Solids.  Papers  presented  at  the  Sj-mposium  on  Thermal  Properties, 
Lafayette,  Indiana  (l959)  pp.  251-74. 

JANAF  Thermochemical  Data  (B^H^^),  Die  Dow  Chemical  Company,  Tiermal 
^search  l.a6oratory,  Nidland,  Michigan,  December  l'X>4. 

Sundaram,  8.,  "Thermodynamic  Finctions  of  Some  Propel lani a."  J.  Phvs. 
Chf”..  i6  (5/<*),  376-77  (1963). 

Webb,  Allen  N, ,  John  T.  Neu,  and  Kenneth  8.  Fitter,  "The  Infrared 
and  Raman  Spectra  and  the  Thermodynamic  Properties  of  Diborane," 

J.  Chem.  Phvs..  JJ,  IOO7-1OII  (l949). 


A-6 

- -  '' 

■i 
\ 


Heat  of  Formation  fCfaa) 


Gunn,  Stuart  R. ,  and  LeRoy  G.  Green,  "Heats  of  Formation  of  Deuterated 
Diborane."  J.  Chem.  Phvs..  ^6.  1118  (1962). 

JANAF  Thermochemical  Data  Tlie  Dow  Chemical  Company,  Thermal  , 

Research  Laboratory,  Midland,  Michigan,  December  1964. 

Prosen,  Edward  J. ,  Valter  H.  Johnson,  and  Florence  V.  Pergiel,  "Heats 
of  Formation  of  Diborane  and  Pcntaborane, "  J.  Rea.  National  Bureau. 

61,  247'-50  (1938)  (Recomnended  value). 

Heat  of  Fusion 

Clarke,  John  T. ,  E.  B.  Rifkin,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  III.  Heat  Capacity,  Heat  of  Fusion,  Heat  of  Vaporiza¬ 
tion,  Vapor  Pressures,  and  Ehtropy  of  Diborane  between  13*K  and  the 
Bolling  Point  (180.32*K),"  J.  Amer.  Chem.  Soc..  25.  781-5  (1953). 

H^jat  of  Vaporization 

Clarke.  JohnT.,  E.  B.  Rifkin,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  III.  Heat  Capacity,  Heat  of  Fision,  Heat  of  Vaporiza¬ 
tion,  Vapor  Pressures,  and  Ehtropy  of  Diborane  between  I3*K  and  the 
Boiling  Point  (l80.32*K),"  J.  Amer.  Chem.  Soc..  25.  781-5  (1953). 

Poridon,  Leo  J.,  George  E.  KaeVood,  and  Jih-Heng  Hu, "The  Heat  of 
Vaporization  of  Diborane,"  J,  Phya.  Chem,.  1^,  1998-99  (1959). 

Virth,  H.  F. ,  and  E.  D.  Palmer,  "Vapor  Pressure  and  Dielectric 
Constant  of  Diborane,"  J,  Phys,  Chem..  60.  911-13  (1956). 


A-7 


Heat  Capacity,,  Liquid 

Clarice,  John  T.,  E.  B.  Hiflcin,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  III.  Heat  Capacity,  Heat  of  Fusion,  Heat  of  Vaporiza¬ 
tion,  Vapor  Pressures,  and  Entropy  of  Diborane  between  13*K  and  the 
Boiling  Point  (180.32*^K), "  J.  Amer.  Chem.  Soc..  73.  781-5  (1953). 

Bifkin,  Ellis  B.,  E.  C.  Kerr,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  IV.  Heat  Capacity  end  Vapor  Pressure  of  Saturated  Liquid 
Diborane  above  the  Boiling  Point."  J.  Amer.  Chem.  Soc..  73.  785-88  (l953). 

Heat  Capacity.  Vapor 

JANAF  Thcrmochcmical  Data  (BgHg),  The  Dow  Chemical  Company,  Thermal 
Research  Laboratory,  Midland,  Michigan,  December  1964. 

Stitt,  F.,  "The  Gaseous  Heat  Capacity  and  Restricted  Internal  Rotation 
of  Diborane,"  J .  Chem .  Phys . .  8,  981-86  (l940). 

Enthalpy 

Clarke,  John  T.,  E.  B.  Rifkin,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  III.  Heat  Capacity,  Heat  of  Fusion,  Heat  of  Vaporiza¬ 
tion,  Vapor  Pressures,  and  liitropy  of  Diborane  between  13*K  and  the 
Bolling  Point  (180.32*K),"  J.  Amer.  Chem.  Soc..  jl,  781-5  (1953). 

Rifkin,  Ellis  B.,  E.  C.  Kerr,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  TV.  Heat  Capacity  and  VaRor  Pressure  of  Saturated  Liquid 
Diborane  abeve  the  Boiling  Point."  J.  Amer.  Chem.  .Soc..  73.  783-88  (1933). 

Webb,  Allen  N.,  John  T.  Neu,  and  Kenneth  S.  Pitzer,  "Tlic  Infrared  and 
Raman  Spectra  and  the  Thermodynamic  Properties  of  Diborane,"  J.  Chem. 
Phys.,  H,  1007-1011  (1949)  (calculated). 

JANAF  Tliermochemieal  Data  (B,,Hj^ji  The  Dow  Chemical  Companjj  Tltermal 
Research  Laboratory,  Midland,  Michigan,  December  1964. 


A-8 


Entropy 


Clarke,  John  T.,  E.  B.  Rifkin,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  III.  Heat  Capacity,  Heat  of  Fusion,  Heat  of  Vaporiza¬ 
tion,  Vapor  Pressures,  and  Entropy  of  Diborane  between  13”K  and  the 
Boiling  Point  (180.32*k1L"  J.  Amer.  Chem.  Soc..  781-5  (1953). 

JANAF  Thermochemical  Data  (B^H^),  The  Dow  Chemical  Company,  Thermal 
Research  Laboratory,  Midland,  Michigan,  December  1964. 

Poridon,  Leo  J.,  George  E.  MacWood,  and  Jih-Heng  Hu,  "The  Heat  of 
Vaporization  of  Diborane,"  J.  Phys.  Chem..  63.  1998-9  (l959). 

Pitzer,  K.  S.,  "Electron  Deficient  Molecules.  III.  The  Entropy  of 
Diborane."  J.  Amer.  Chem.  Soc..  69.  184  (194?)  (calculated). 

Rifkin,  Ellis  B.,  E.  C.  Kerr,  and  H.  L.  Johnston,  "Condensed  Gas 
Calorimetry.  IV.  Heat  Capacity  and  Vapor  Pressure  of  Saturated 
Liquid  Diborane  aboye  the  Boiling  Point,"  J,  Amer.  Chem  Soc..  75. 
785-88  (1953). 

Webb,  Allen  N.,  John  T.  Neu,  and  Kenneth  S.  Pitzer,  "The  Infrared 
and  Raman  Spectra  and  the  Thermodynamic  Properties  of  Diborane," 

J.  Chem.  Phys..  IJ,  1007-1011  (1949)  (calculated). 


TRANSPORT  PROPERTIES 

Viscosity.  Liquid 

Skaith,  S.  H.,- Jr.,  and  R.  R.  Hiller,  "Some  Physical  Properties  of 
Diborane,  Pentaborane  and  Aluminum  Borohydrlde , "  J.  Amer.  Chew.  Soc.. 
22,  1453-4  (1950). 

Viscosity.  Vapor 

Svehla,  Roger  A.,  "Estimated  Viscosities  and  Thermal  Conductivities 
of  Oases  at  High  Temperature,"  NASA  Tech.  Rept.  R132,  140  pp.  (1962) 
(calculated). 


X— 


fhermal  Conductivity 

Svehla,  Roger  A.,  "Eatimated  Viscoeitics  end  Thermal  Conductivities 
of  Gases  at  High  Temperatures,'*  N/SA  ^ech.  Rept.  R132,  140  pp. ,  (1962) 
(calculated). 


ELECTROMAGNETIC  PROPERTIES 

Dipole  Moment 

Ramasvany,  K.  L. ,  "Dielectric  Coefficients  of  Volatile  Compounds  of 
Fluorine  and  Boron,  "Proc.  Indian  Acad.  Set..  2A,  364-377  (1935)* 

« 

Dielectric  Constant.  Liquid 

Wlrth,  H.  P. ,  and  E.  D.  Palmer,  "Vapor  Pressure  and  Dielectric 
Constant  of  Diborane,"  J.  Phys.  Chem. .  60  911-13  (1956). 


£!«  lectric  Constant,  Vapor 

Ramasvaa^,  K.  L. ,  "Dielectric  Coefficients  of  Volatile  Compounds  of 
Fluorine  and  Boron,"  Proc.  Indian  Acad,  Sci..  2A,  364-377  (l935)» 

Magnetic  Susceptibility 

Barter,  C.,  R.  0.  Meisenheimer,  and  D.  P.  Stevenson,  "Diamagnetic 
Suaceptibilitlea  of  ISimple  Hydrocarbons  and  Volatile  Ilydrides," 

J.  Phys.  Chem..  64,  1312-16  (i960). 


A-10 


1 


u.-iwiwi  Mwrw>» 


Pcrama^pgttam  and  SiMagnettam 

Malliken,  B.  S. ,  "Eleeironic  Strnctiire  of  Polyatomic  Molecules  and 
Valeuce.  Mafnetism  of  Phya.  Rev. ,  76J5  (l933). 

Sachesse-Goitiii|;eD,  H.  H. ,  "The  Application  of  the  Paramagnetic 
Para-H} drogen  Transformation  to  the  Determination  of  Magnetic 
Moments  and  of  Beaction  Cross  Sections,"  Z.  Elektrochem. .  40.  531-5 
(1934). 

OPTICAL  AND  SPECTBOSCOPIC  PaOPERTlES 

PltraTiolet  Spectra 

Price,  V.  C.,  "The  Ahsorption  Spectrum  of  Diborane,"  J,  Chem.  Phys., 
16,  894-902  (194«). 


Infrared  Spectra 

Beachell,  Harold  C. ,  end  Eugene  J.  Leyy,  "Near  Infrared  Spectrum  of 
Dlboranv^,"  J.  Chem.  Phys..  22,  2168-70  (1955). 

Price,  V,  C.,  "The  Absorption  Spectrum  of  Diborane,"  J,  Chem.  Phys,. 
.  16,  894-902  (1948). 

Price,  V.  C. ,  "The  Structure  of  Diborane,"  J,  Chem.  Phys.,  15. 

614  (1947). 

Vebb,  Allen  N. ,  John  T.  Neu,  and  Kenneth  S.  Pitser,  "The  Infrared 
and  Baman  Spectra  and  the  Tbemodyvinmio  Properties  of  Dlborsne," 
J.._ghem.  Phye,.  12,  1007-1011  (1949). 


ib-U 


Baman  Spectra 


Vebb,  Allen  N. ,  John  T.  Neu,  and  Kenneth  S.  Pitzeri  "The  Infrared 
and  Baman  Spectra  and  the  Thermodynamic  Properties  of  Oiborane," 
J.  Chem.  Phyg..  1?,  1007-1011  (l949). 


Vibrational  Spectra 

Lehmann,  Valter  J. ,  "The  Average  Buie  Compared  With  the  Con^lete 
laotopie  Buie  for  Vibrational  Prequenciee,"  J.  Mol.  Spectroscopy. 

2»  1-13  (1961). 

Svedlov,  L.  M. ,  and  X.  N.  Zaitseva,  "Vibrational  Spectra  and  the 
Diborane  Structure,"  Zliur,  Fie.  Khtm. .  29.  1240-7  (1955)  and 
Izveet.  Akad.  Nauk.  U.8.S.R.  Ser.  Fix.,  672  (l954). 

Nuclear  Magnetic  Resonance 

1 

Gaines,  Donald  F. ,  "Nuclear  Magnetic  Besonance  Studies  of  Diborane 
and  Sodium  Diborohydride,"  Jnorg.  Chem..  2,  523-6  (1963). 

Gaines,  Donald  F. ,  Blley  Schaeffer,  and  Fred  Tebbe,  "Bridge  Proton- 
Terminal  Proton  Coupling  in  Diborane,"  J.  Phye.  Chem..  67  (9), 
1937-0  (1963). 

Ogg,  Bichard  A.,  Jr.,  "Nuclear  Magnetic  Resonance  Spectra  and 
Structure  of  Dorohydride  Ion  and  Diborane,"  J,  Chem,  Phyw..  22, 
1933-5  (1954). 

Index  of  Refraction 

Ramaevamy,  K.*  L. ,  "Refractive  Indices  of  Volatile  Compounds  of 
Fluorine  and  Boron,"  Proc.  Indian  Acad.  Sci..  2A.  630-6  (1935). 


CHIMICAL  PBOPESTIES 


/  I 

General  Chcmigtry,  Reactions  and  Theory 

i 

i 

CCC-Ol68-Pr,  Final  Report,  Research  and  Development  of  Advanced 
Solid  Propellant  Svatema.  Gallery  Chemical  Company,  Gallery, 
Pennsylvania  (lO  December  1962)  Contract  No.  NOw  60-0l68c, 
CONFZDENk'IAL. 

Kurd,  D.  T.,  "The  B^drides  of  the  Group  III  Elements;  Boron,"  An 
Introduction  the  Chemistry  of  the  Hydrides.  John  Viley  &  Sons,  Inc., 
New  York  (l952X(aecondnry  source). 

Kaufman,  Joyce  J. ,  ‘"Theoretical  and  Quantum  Chemistry  of  Boron 
Compounds  and  Related  Kolecules,"  U.S.  Department  of  Coenerce, 

Office  of  Technical  Service,  AD  418393.  21  pp,  (l963)> 

Kerrigan,  James  V.,  "Interaction  of  BCl^  with  B^H^,"  Inorg.  them. . 

1  (6),  908-10  (1964). 

Dlborane — Space  Storable  Fiel.  Gallery  Chemical  Company,  Gallery, 
Pennsyl'vanla,  January  1962. 

Mikhailov,  B.  M. ,  "The  Chemistry  of  Diborane,"  Russian  Chemical 
Be vie vs.  31.  417-31  (1962)  (ihglish  translation)  (secondary  source). 

Schenker,  Erhard,  "Use  of  Complex  Forohydrides  and  Diborane  in 
Organic  Chemistry,"  Angew.  Chem. .  73.  81-107  (l96l)  (Ger.)  (  sec ondary 
source). 

Stock,  A.,  K.  Friederici,  and  0.  Priess,  "Boron  Hydrides.  III. 

Solid  Boron  Hydrides;  Additional  Properties  of  D,,n^,"  Chemische 
fiiXlcMi,  5353^>5  (1913)  (Ger.). 

Stock,  A.,  and  E.  Kuss,  "Boron  hydrides.  VI.  The  Simplest  Borohydrides 
jChemische  B«»rlchte.  36B,  789-808  (1923). 

Stock,  A.,  E.  Kuss,  and  0.  Priess,  "Boron  Hydrides.  V.  Action  of 
Chlorine  and  Bromine  on  Bj^^  and  The  Valence  of  Boron," 

Chemische  Borlchte.  42.  3115-49  (l914)  (Oer.), 


A-13 


Bauer,  S.  H. ,  "Boron  Hydrides,"  Bicyclopedia  of  Chemical  Technology. 

The  Interscience  BiCTclopedia.  Vol.  2,  593-600  (1948), (secondary 
source). 

Schlesinger,  H.  I.,  and  H.  C.  Brovn,  "Nev  Developments  in  the  Chemistry 
of  Diborane  and  Borohydrides.  I.  Geneiil  Summary,"  J.  Amer.  Chcm. 

Soc..  21,  186-90  (1953). 


Solubility 

Boldebuck,  E.  M. ,  J.  R.  Elliott,  G.  P.  Roedel,  and  V.  L.  Both, 

,  "Solubility  of  Diborane  in  Ethyl  Ether  and  in  Tetrahydrofuran," 
General  Electric  Company,  Schenectady,  Nev  York,  Project  Hermes 
'  R’port  No.  55288,(19  November  1948)  p.  1. 

Devyatykh,  G.  G. ,  A.  E.  Exheleva,  A.  D.  Zorin,  and  M.  V.  Zueva, 
"Solubility  of  Volatile  Hydrides  of  Elements  of  Groups  III-VI  in 
Some  Solvents,"  Russ.  J.  Inorg.  Chem. .  g,  (6),  678-82  (I963)  (f^nf.) 

Elliott,  J.  R. ,  V.  L.  Roth,  G.  F.  Roedel,  a.id  E.  M.  Boldebuck, 
"Solubility  of  Diborane  and  Boron-Containing  Lithium  Salts,” 

J.  Amer.  Chem.  Soc..  2!l>  5211-12  (1952). 

Hu,  Jih-Heng,  and  George  E.  MncVood,  "The  Solubility  of  Hydrogen 
in  Diborane,"  J.  Phys,  Chem..  60.  1483-86  (1956). 

McCarty,  L.  V.,  and  John  Guyon,  "The  Approximate  Solubility  of 
Diborane  in  Pentane,"  J.  Phvs.  Chem..  5S#  285-6  (1954). 

Schlesinger,  H. ,  Pinal  Ih'pQrt,  Navy  Contract  N  173  8-9058  and  9820 
(1944-5),  Dniverslty  of  Chicago,  as  given  by  W.  H.  Schecter, 

R.  M.  Adams,  and  C.  B.  Jackson,  "Boron  Hydrides  and  Related  Com¬ 
pounds,"  Callery  Chemical  Company,  Callery,  Pennsylvania,  Contract 
No.  NOa(s)  10992  ^»rch  1951)  p,  10,  as  reported  by  the  Battelle 
Memorial  Institute,  Liquid  Propellants  Handbook.  Vol.  2,  "Ikiron 
Compounds, " (1958 )  CONFIDINTIAL. 


Ar.14 


Apparoix  B 


PHYSICAL  PROPERTY  BIBLIOGRAPHY 

GENERAL  IDENTIFICATION 


Molecular  Weight 


International  Atomic  Veichta,  1959. 


Molecular  Structure 


Audrieth,  L.  F, ,  V.  Neapital,  and  H.  Ulich,  "Electric  Momenta  of 
If/draaine  and  ita  Derivativea,"  J.  Am,  Chem,  Soc,.  55.  673-78  (1933) 

Frcaeniua,  M. ,  and  J.  Karveil,  "Normal  Vibrationa  and  Conf igurotion 
•f  Ifydrasine.  II.  Infrared  Spectnaa  of  Hydraaine,”  Z.  Wiva.  Chew.  . 
MA,  1-13  (1939)  (Cer.). 

Ciguera,  P.A. ,  and  V.  Scbomaker,  "An  Electron  Diffraction  Study  of 
,  Stydrogen  Perosida  and  Ifydraaioa,”  J,  Am,  Chew,  .Soc,.  2025-29 

(1943). 

Penny,  V,  G. ,  and  G.  B.  B.  M.  Sutherland,  "A  Note  on  the  Structure 
of  ^2^4  with  Particular  Raforenca  to  Electric  Momenta  and 

Praa  Rotation,"  Trane,  Far.  Soc..  ^O,  898-902  (1934). 

Ulich,  B. ,  H.  Paiekor,  and  L.  F.  Audrieth,  "Dipole  Momenta  of  l^dra- 
Bina  and  ita  Derivativea.  II,"  Chcaitchc  Derlchte.  6bp.  1677-82 
(1935)  (Car.). 


General  Revicvs,  Bibliographica ,  and  Riyslcal 
Property  Compendia 

AGC  LIIP-178»  Physical  Properties  of  Liquid  Propellantw,  Aerojet- 
General  Corp.  ,  Sacranento,  Calif.  (13  July  I960). 

j 

Audrictli,  L.  F. ,  and  D.  A.  Ogg,  The  Chenistry  of  Hydrazine,  John 
Wiley  and  Sons,  Inc,,  New  York  (l95l)- 

The  Baitellc  Memorial  Inntitute,  Columhus,  Ohio,  Liquid  Propellants 
Handbook.  "Hydrazine."  Vol.  1  (l958)  CONPIDIXTIAL. 

Liquid  Propellant  Information  Agency,  Liquid  Propellant  Manual, 
"Hydrazine"  (l9jH). 

"Military  Speci f irntion:  Propellant,  Hydrazine,"  MIL-P-2653(>B 
^3  March  1964). 

Rn59-^»8,  Propellant  Propertiea  Manual ,  HocketdyTie,  a  Diviaion  of 
North  American  Aviation,  Inc.,  Canoga  Park,  California  (f'ebruary  I960), 

B-3130.  Merhanicnl  Syetca  Pesign  -  Criteria  Manual  for  Hydrazine, 
Rorketdyne,  a  Division  of  North  American  Aviation,  Inc.,  Canoga 
Park,  California  (September  1961 )  Contract  AF33(6H))-6939. 

Ii-3134,  Hyilraziiio  tlandlliig  Mnniial,  Horketdyne,  a  Division  of  North 
American  Aviation,  Inc.,  Cotuga  Park,  California  (.September  1961  ) 
Contract  Al 33(6l6)-6939. 

Washburn,  lilvard,  ed,  ,  liH ortwit  jonnl  Crlttral  Tables  of  Numerical 
Data;  I’liywlcs,  (’licmlatry  omi  Tecbimlogy,  McCraw-Hl  1 1  Ikiok  Co,,  Inc., 

New  Vorl.  (  1 928). 


PHASE  PBOPEBTIES 


Melting  (Freealng)  Point 


de  Bruyn,  C.  A.  Lobry,  "Free  Hydrazine,"  Chemieche  Berichte.  28. 
3085-6  (1895)  (Ger.). 

de  Bmyn,  C.  A.  Lobry,  "Free  H>'drazine,"  Rec.  Trav.  Chia, .  11. 

174-84  (1896)  (Fr.). 

Friedrichs,  P. ,  "ABmoniates  as  Binary  Systems.  II.  Hy^drasine-Amoonia," 
Z.aaorg.  allgea.  Chem. .  127.  221-7  (1923)  (Cer.). 

Giguers,  P.  A.,  "Spectroscopic  Evidence  of  Hydrogen  Bonds  in  Hydrogen 
Peroxide  and  Hydrazine,"  Trans.  Roy.  Soc,  Can,  (ill),  21*  ^"6  (1941). 

Mohr,  P.  H. ,  and  L.  F.  Aodrieth,  "Ibe  Hydrasine-tfater  System," 

J.  Phys,  and  Colloid  Chem. .  901-6  (1949). 

Scott,  D.  V.,  G.  D.  Oliver,  M.  E.  Gross,  V.  N.  Hubbard,  and  B.  N. 
Huffman,  "Hydrazine:  Beat  Capacity,  Heats  of  Fusion  and  Vaporisation, 
Vapor  Pressure, Bitropy  and  Thermodynamic  Functions,"  J.  Am,  Chem. 
Soc..  21.  2293-97  (1949). 

Semishin,  V.  1. ,  "Internal  Friction  and  Viscosity  of  the  System 
Hydras ine-Vater."  J.  Gen.  Chem.  (USSR),  8,  654-61  (1938)  (Russ.). 

Boiling  Point 

de  Bruyn,  C.  A.  Lobry,  "Free  l^drazine,"  Chraiacht  Berjchte,  p8. 

3085-6  (1895)  (Ger.). 

de  Bruyn,  C.  A.  Lobry,  "Free  Hydrazine,"  Rec,  Trav,  Chim, .  11. 

174-84  (1896)  (l-r.). 

Giguere,  P.  A.,  "Spectroscopic  Evidence  of  Hydfogen  Bonds  in  Hydrogen 
Peroxide  and  Hydrazine,"  Trans,  Roy.  Soc,  Can,  (ill),  21*  (l94l). 


Hieber,  V.  V.,  and  A.  Voerner,  "Thermochemical  Meaanrements  on 
Coaplez~Forminc  Aainee  and  Alcohola,"  2.  Elektrochem. .  40,  252--6 
(1934)  (Ger.). 

Semiahin,  V.  I. ,  "Internal  FViction  and  Viscosity  of  the  Syaiem 
Bydrazine-Vater."  J,  Gen.  Chcm.  (USSR),  8,  654-61  (1938)  (Russ.). 


Critical  Constants 

Critical  Pressure  - 

Bertram,  M. ,  and  B.  Boltwood,  as  quoted  by  C.  A.  Lobry  de  Bruyn, 
"Free  hydrazine,"  Rcc.  Tray.  Chlm. .  15.  174-84  (1896)  (Fr.). 

Critical  Temperature  - 

de  Bruyn,  C.  A.  Lobry,  "Free  hydrazine,"  Rcc,  Trav.  Chlm, . 

174-84  (1896)  (Pr.). 


Pcnsity,  Solid 

Beck,  G. ,  Vien<r  Chemlker-7eitung,  46.  18-22  (1943),  as  fiveu  by 
Audrieth  and  Ogg,  The  Chemistry  of  Hydrazine.  John  Viley  and  .Sons, 
Inc.  (1931). 


Penalty.  Liquid 

Ahlert,  R.  C. ,  G.  L.  Uauerle,  and  J.  V.  Lores,  "Density  and  Viseoeity 
of  Anhydrous  ll^'drnzine  at  Elevated  Temperoinres,"  J.  Chew,  l?<g.  Dsts. 
2,  158-60  (1962). 

Barrick,  L.  D. ,  6.  W.  Drake,  and  H,  L.  lot  hie,  "Hie  Parsrhor  tiud 
Molecular  Refraction  of  Ilydrasine  atid  Boar  Aliphatic  Derivati ven 
J.  Aa.  Chew.  Sor..  160-2  (1936). 


R"4 


firnhl ,  J,  ,  "Spectrochemiitry  of  Nitrogen,  V,"  Z.  phy,  Chen..  22. 
376-409  (1897)  (Cer.). 

Bruhl,  J.  V.,  "Spectrometrlc  Oetermlnatlone,"  Chealeche  Berlchte. 
20,  158-72  (1897)  (Ger.).' 

do  Brnyn,  C.  A.  Lobry,  "Free  Nydrazine,"  Rec.  Trav.  Chia. .  15. 
174-84  (1896)  (Ft.). 

Dito,  J.  W. ,  "Ibe  Denaitiea  of  Miziores  of  hydrazine  and  Water," 

J.  Chen.  Soc..  82,  All,  499  (1902). 

Bough,  E.  V.,  D.  M.  Haaon,  and  B.  H.  Sage,  "Heat  Capacity  of  the 
^ydrazlne-4^ater  Syatea,"  J.  Am.  Chen,  Soc..  72.  5774-5  (l950). 

Seaiahin,  V.  I.,  "Internal  Friction  and  Viacoaity  of  the  Syatea 
Hydrazine-Water."  J,  Gen.  Chea, .  (USSR),  654-61  (1938)  (Rusa.), 

Walden,  P. ,  and  R.  Hllgert,  "Water-Free  Hydrazine  aa  an  Ionizing 
Mediua  for  Electrolytea  and  Non-Electrolytea,"  Z,  phya.  Chea. . 

165A.  241-71  (1933)  (Ger.). 


Penaity,  Vapor 

Ciguere,  P.  A.,  and  R.  E.  Rundle,  "The  Vapor  Denaity  of  Hydrazine," 

J.  Aa.  Chea.  Soc..  §2,  1135-57  (l94l). 

Vapor  Preaaure 

Briagleb,  0.,  H.  Scholze,  and  W.  Strohaeier,  "la  Hy'drazine  Aaaociated 
in  the  Caa  Ihaae?  (Vapor  Denaity  and  Abaorption  Heaaurenenta)," 

Z,  phya.  Chea,.  199.  15-21  (1952)  (Ger.). 

Burtle,  J.  0.,  "Vapor-Preaaure-Compoaittoo  Meaaurementa  on  Aqueoua 
Hydrazine  Bolutiona,"  Ind,  Rig,  Chm. .  .  1675-6  (l952). 

(NgH^-l^O  aiiztureo) 


d«  Brnyn,  C.  A.  Lobry,  "Free  ^srdrasine,”  Bee,  Trav.  Chim, .  15. 

174-84  (1896)  (Ft.). 

Hieber,  V.  V.,  and  A.  Voemer,  "Thermochenical  Measurements  on 
Complex-Forming  ibBines  and  Alcohols,"  Z,  Elektrochem. .  40.  252-6 
(1934)  (Ger.). 

Scott,  D.  V.,  G.  D.  Oliver,  M.  E.  Gross,  V.  N.  Hubbard,  and  H.  M. 
Hoffman,  "^|rdrazine:  Heat  Capacity,  Heats  of  Fusion  and  Vaporization, 
Vapor  Pressure,  Entropy  and  Thermodynamic  Functions,"  J.  Am,  Chcm.  Soc. 
21,  2293-97  (1949). 


Surface  Tension 

Baker,  N.  B. ,  and  E.  C.  Gilbert,  "Surface  Tension  in  the  System 
NjjH^-Mater  at  25  C,7  J.  Am.  Chcm.  Soc..  62,  2479-BO  (l940).  (NgHj^- 
^0  mixtures) 

Barrick,  L.  D. ,  G.  V.  Drake,  and  H.  L.  Lochte,  "The  Parachor  and 
Molecular  Befraction  of  Hydrasine  and  Some  Aliphatic  Derivatives,"  \ 
J.  Am.  Chem.  Soc« ,  58.  l60-2  (1936). 


Coefficient  of  Thermal  Eipaneion 

Eretschmar,  George  G. ,  "^The  Thermal  Expansion  of  Some  Liquids  of 
Interest  as  Rocket  Fuels  "  Jet  Propulsion.  24.  379-81  (1954). 

(lOO  percent  N^H^  not  given) 

Parachor 

Barrick,  L.  D. ,  G.  V.  Drake,  and  H.  L.  Lochte,  "The  Parachor  and 
Molecular  Refraction  of  ^ydrasine  and  Some  Aliphatic  Derivatives," 
J,  Am.  Chem.  Soc, .  38.  l60-2  (1936). 


Solvent  Properties 


/ 

Audrieth,  L<  P. ,  tdid  B.  A.  Ogg,  The  Chemistry  of  Hydrazine.  John 
Wiley  and  Sons,  Inc.,  Nev  York  (1951 )•  (  secondary  source) 

Welsh,  T.  W.  B.,  and  H.  J.  Broderson,  "Anhydrous  ^drazine.  III. 
Anhydrous  Hydrazine  as  a  Solvent,"  J.  Am.  Chem.  Soc..  Jl,  816-24  (1915). 


THERMODYNAMIC  PROPERTIES 

Themodynamic  Properties  and  Functions.  General  References 

Kobe,  Kenneth  A.,  and  R.  H.  Harrison,  "Thenso  Data  for  Petrochemicals. 
XXI.  Ammonia,  Hydrazine  and  the  Methylamines, "  Petroleum  Refiner. 

33  (ll),  161-4  (1954).  (  secondary  source) 


Heat  of  Formation 


Audrieth,  L.  F. ,  and  B.  A.  Ogg,  The  Chemistry  of  Hydrazine.  John 
Wiley  and  Sons,  Inc.,  New  York  (l95l).  (based  on  the  data  of  Hughes) 

Hughes,  Albert  M.,  R.  J.  Corrucini,  and  E.  C.  Gilbert,  "Hydrazine. 
The  Heat  of  Formation  of  Hy<lrazine  and  of  Hydrazine  Hydrate,"  J.  Am. 
Chem .  Soc . .  6l .  2639-42  (1939).  (liquid  and  vapor) 

JANAP  Thermochemical  Data  (Ngll^),  The  Dow  Chemical  Company,  Thermal 
Research  Laboratory,  Midland,  Michigan  (December  1965)  (liquid  and 
gas). 

Both,  W.  A.,  "Contribution  to  the  Chemistry  of  Hydrazine,"  jg. 
Electrochem. .  50 1  111  (1944)  (liquio)  (Cer.). 


B-7 


Scott,  D.  V.,  G.  D.  Oliver,  M.  E.  Groaa,  V.  N.  Bubbard,  and  H.  M. 
Hoffman,  "^y^drazine:  Beat  Capacity,  Beats  of  Fusion  and  Vaporiza¬ 
tion,  Vapor  Pressure,  Ehtropy  and  Thermodynamic  Functions,"  J,  Am. 
Chem,  Soc , .  2i,  2293-97  (1949).  (calculated) 


Heat  of  Fusion* 


Audrieth,  L.  F. ,  and  B.  A.  Ogg,  The  Chemistry  of  Hydrazine.  John 
Wiley  and  Sons,  Inc.,  New  York  (l93l)*  (secondary  source) 

Giguere,  P.  A.,  "Spectroscopic  Evidence  of  B/Ji'ogen  Bonds  in  Hydro¬ 
gen  Peroxide  and  Hydrazine,”  Trans,  Roy.  Soc.  Can,  (ill),  21*  1-8 
(1941). 

Rieber,  V.  V.,  and  A.  Woerner,  "Thermochemical  Measurmcnts  on 
Complex  Forming  Amines  and  Alcohols,"  Z.  Elektrochem. ,  40,  252-6 
(1934)  (Ger.). 

Scott,  D.  W. ,  G.  D.  Oliver,  M.  E.  Gross,  W.  V.  Bubbard,  and  H.  M. 
Huffman,  "Hydrazine:  Heat  Capacity,  Beats  of  Fusion  and  Vaporiza¬ 
tion,  Vapor  Pressure,  Entropy  and  Thermodyacmic  Functions,"  J.  An. 
Chem.  Soc.t  21*  2293-97  (l949). 


Heat  of  Vaporization 

Audrieth,  L,  F. ,  and  D.  A.  Ogg,  The  Chemistry  of  Hydrazine,  John 
Wiley  and  Sons,  Inc.,  New  York  (1951)*  (secondary  source) 

Fi’esenius,  W. ,  and  J.  Ksrveil,  "Normal  Vibrations  and  Configuration 
of  Hydrazine,  II.  Infrared  Spectrus  of  l^draaine,"  Z,  phya,  Chem. . 
B44,  1-13  (1939)  (Ger.). 


«There  is  disagreement  among  the  values  for  the  best  of  fusion  of  N^ti^. 
Seott  and  coworkers  obtained  3025  cel  per  mole  for  the  beat  of  fusion 
•t  the  melting  point.  Previously  the  values  1000  and  1020  cal  per 
mole  had  been  reported  by  Giguere  and  Bieber  and  Woerner,  respectively. 


Giguere,  P.  A.,  "Spectroscopic  Evldenre  of  hydrogen  Bonds  in  Hydro¬ 
gen  Peroxide  and  Hydrazine,"  Trans.  Roy.  Soc.  Can.  (lll)»  J5» 

(1941). 

Hieber,  V.  V. ,  and  A.  Voemcr,  "Thcnnochemical  Measurements  ou  Complex- 
Forming  Amines  «nd  Alcohols."  Z.  Elektrochem..40,  252-6  (l934)  (Cer.). 

Scott,  D.  W.,  G.  D.  Oliver,  M.  E.  Gross,  W.  N.  Hubbard,  and  H.  M. 
Huffman,  "Hydrazine;  Heat  Capacity,  Heats  of  Fusion  and  Vaporiza¬ 
tion,  Vapor  Pressure,  Eiitropy  and  Thermodynamic  Functions," 

Chem.  Soc..  21,  2293-97  (1949).  (calculated) 

JANAF  Thermochemical  Data  (N2n4)i  The  Dow  Chemical  Company,  Thermal 
Research  Uboratory,  Midland,  Michigan  (December  1965). 


Heat  of  Combustion 

Hughes,  A.  M. ,  B.  J.  Corruclni,  and  E.  C.  Gilbert,  "Hydrazine.  The 
Heat  of  Formation  of  Hydrazine  Sisd  of  Hydrazine  Hydrate,"  JjJlm' 
Chem.  8oc.»  6l .  2659-42  (1939). 


peat  Capacity.  Solid 

Scott,  D.  W.,  G.  D.  Oliver,  M.  J’-.  Gross,  W.  N.  Hubbard,  and  H.  M. 
Huffman,  "Hydrazine;  Heat  Capacity,  Heats  of  Fusion  and  Vaporiza¬ 
tion,  Vapor  Pressure,  Ritropy  and  Thermodynamic  F^jnctions," 

Chem.  Soc.;  H,  229V97  (1949). 

peat  Capacity«  14^14 

Hough,  E.  W.,  D.  M.  Mason,  and  D.  U.  Sage,  "Heat  Capacity  of  the 
Eydraiine-Vater  fivstem,"  Am,  ■Chci!.._gcc,,  23»  5774-5  (1950). 

Scott.  D.  W.,  0.  D.  Oliver,  M.  E.  Cross,  W.  N.  Hubbard,  and  H.  H. 
Huffman,  "Hydrazine:  Heat  Capacity,  Heats  of  fusion  and  Vaporiza¬ 
tion,  Vapor  Pressure,  Entropy  and  Tiienaodynamic  Functions,"  JxJiBj. 

li,  2293-97  (1949). 

B"9 


Eucken,  A.,  and  H.  Krone,  "Development  of  the  Thermal  Conductivity 
Method  for  Measurement  of  the  Molar  Heat  of  Very  Dilute  Gases  throuf;h 
Determination  of  the  Accommodation  Coefficient,"  Z .  phva ■  Chem . .  45B 
(3),  175-92  (1940)  (Ger.).  (C^  only) 

JAM4F  Thermochemical  Data  (N^Hj^^),  The  Dow  Chemical  Company,  Thermal 
Research  Laboratory,  Midland,  Michigan  (December  I965). 

Scott,  D.  W.,  G.  D.  Oliver,  M.  E.  Gross,  W.  N.  Hubbard,  and  H.  M. 
Huffman,  "Hydrazine:  Heat  Capacity,  Heats  of  Fusion  and  Vaporiza¬ 
tion,  Vapor  Pressure,  Entropy  and  Thermodynamic  Functions,"  J.  Am, 
Chem.  Soc..  71,  2293-97  (l949). 


Kretschmar,  George  G.,  "The  Isothermal  Compressibilities  of  Some 
Rocket  Propellent  Liquids  and  the  Ratios  of  the  Two  Specific  Heats," 
Jet  Propulsion.  24,  175-9  (1954). 


Audrieth,  L.  F. ,  and  B.  A.  Ogg,  The  Chemistry  of  Hydrazine.  John 
Wiley  and  Sons,  Inc.,  New  York  (l95l)>  (based  on  the  data  of  Scott, 

£&  £i-) 

f 

JANAF  Thermochemical  Data  (Nj^H,^),  Tlie  Dow  Chemical  Company,  Thermal 
Research  Laboratory,  Midland,  Michigan  (December  I9C5). 

Scott,  D.  W.,  G.  D.  Oliver,  M.  E.  Gross,  W.  N.  Hubbard,  and  H.  M. 
Huffman,  "Hydrazine;  Heat  Capacity,  Heats  of  f4ision  and  Vaporiza¬ 
tion,  Vapor  Pressure,  listropy  and  Thermodynamic  Functions,"  J,  Am. 
Chem.  80c..  71,  2293-97  (l949).  (calculated) 


■fil^ropy 


Audrieth,  L.  F.|  and  B.  A.  Ogg,  The  Chemiatry  of  Hydrazine.  John 
Viley  and  Sons,  Inc.,  Nev  York  (1931 )•  (based  on  the  data  of  Scott, 
et  al .) 

JANAF  Themochemlcal  Data  (NgH^),  The  Dow  Chemical  Company  Thermal 
Research  Laboratory,  Midland,  Michigan  (December  1963)* 

Scott,  D.  V.,  6.  D.  Oliver,  M.  E.  Gross,  V.  N.  Hubbard,  and  H.  M. 
Huffman,  "Hydrazine:  Heat  Capacity,  Heats  of  Fiision  and  Vaporiza¬ 
tion,  Vapor  Pressure,  Entropy  and  Thermodynamic  Functions,"  J.  Am. 
Chew.  See..  71.  2293-97  (1949).  (calculated) 


TRANSPORT  PROPERTIES 

Viscosity 

Ahlert,  R.  C.,  G.  L.  Bauerle,  and  J.  V.  Lecce,  "Density  and  Viscosity 
of  Anhydrous  Hydrazine  at  Elevated  Temperatures,"  J.  Chem.  Eng.  Data. 
158-60  (1962).  (best  source) 

Mason,  D.  M.,  0.  V.  Vilcox,  and  B.  H.  Sage,  "Viscosities  of  Several 
Liquids,"  J .  Phys .  Chem . .  56.  lOOB-10  (l932).  (Data  given  at  elevated 
pressures.) 

Semishin,  V.  I.,  "Internal  Fraction  and  Viscosity  of  the  System 
Hvdrazlne-Vater."  J.  Gen.  Chew.  (USSR),  8,  654-61  (l938)(Ruas.). 

Walden,  P.,  and  H.  Hilgert,  "Water-Free  Hydrazine  as  an  Ionizing 
Medium  for  Electrolytes  and  Non-Electrolytes,"  t,  phvs.  Chem..l65A. 
241-71  (1933)  (Ger.). 


yherwnl  Conductivity 

Gray,  P.,  and  P.  G.  Wright,  "The  Thermal  Conductivity  of  Hydrazine 
Vapor."  C<^bustlon  and  Flame,  i,  93-6  (i960),  (vapor) 


B-11 


4. 


Ltcee,  J.  V.  I  "Weighted  Least  Squarea  Analysis  of  Thermal  Conductivity 
Data,"  Besearch  Memorandum  854-551B,  Rocketdyne,  a  Division  of  North 
American  Aviation,  Inc.,  Canoga  Bark,  California  (l  October  1962). 
(liquid) 


Sonic  Velocity 

Kretacfamar,  George  G. ,  "The  laothemal  Compressibilities  of  Some 
Rocket  Propellant  Liquids,  and  the  Ratios  of  the  IVo  Specific  Heats," 
Jet  Propulsion,  24.  175-9  (1954). 

Kretschmer,  George  G. ,  "Determination  of  the  Velocity  of  Sotmd  in 
R)rdrazine-Water  Mixtures  by  Means  of  the  Debye>Sears  Dltrasonic 
Light  Diffraction  Phenomenon,"  J.  Chen.  Ihys. .  25.  2102-4  (1955). 
(MgH^  -  ^0  mixtures) 

ELECTROMAGNETIC  PROPERTIES 
Dielectric  Constant 


Andrieth,  L.  F. ,  V.  Ne.epltal,  and  B.  Ulich,  "Electric  Moments  of 
B)rdraslne  and  its  Derivatives,"  J,  Am,  Chen,  Soc,.  55.  673-78  (1933). 

Dlich,  B. ,  and  V.  Neapital,  "Dielectric  Constants  of  Some  Liquids," 

Z.  Phys.  Chen..  16B.  221-33  (1932)  (Oer.). 

Dipole  Moment 

Audrieth,  L.  F, ,  W.  Nespital,  and  B.  Ullcb,  "Electric  Moments  of 
hydrazine  and  its  Derivatives,"  J.  Am,  Chem,  Soc,.  55.  673-78  (1933). 

s 

Penny,  W.  G. ,  and  0.  B.  B.  M.  Sutherland,  "A  Note  on  the  Structure 
of  I^Og  and  NgB^  with  Particular  Reference  to  Electric  Momenta  and 
free  Rotation,"  Trane.  Far.  Soc,.  30.  898-902  (1934).  (calculated) 


11-12 


f: 


...Ulich,  H.,  E.  FeislcAr,  ud  L.  F.  Andrieth,  "Oipol*  Hoaenta  of  ^^dra- 
■iaa  and  ita  DariTatiToa*  II,*  Chealacha  Borlchta.  68B.  1677-82 
(1935)  (Gar.). 


Elactrlcal  CondpotlTlty 

Bradig,  G. ,  "Hia  Affinitiaa  of  Baaea,”  Z.  phya.  Chea. .  13.  289-326 
(1894)  (Gar.). 

Vialand,  Laon  J. ,  and  Balph  Savaid,  "Iha  Electrical  Cooductanca  of 
Vaak  Acida  in  Anhydrona  E^raaipa,"  J.  Hiya.  Chea. .  39.  466-9  (1955). 
(N^R^  -  1^0  nixtoraa) 

Valdan,  P. ,  and  H.  Hilgart,  *Vatar-Fraa  Ejrdraaina  aa  an  loniaing 
Kedita  for  Elactroljrtaa  and  Non-Electrolyte a,”  2.  phya.  Chen. .  165A. 
241-71  (1933)  (Gar.). 

OPTICAL  AND  SPECTROSCOPIC  PROPERTIES 
Infrared  Spectroai 

F^aaaniua,  V.,  and  J,  Karvail,  "Konul  Vibrationa  and  Configuration 
of  Bydraaina.  II.  Infrarad  Spactrta  of  Bydiaaina,*  2.  phya.  Chew.. 

,  fi«,  1-13  (1939)  (Gar.). 

Gigaara,  P.  A.,  "Spaetroaeopio  Eridenca  of  Rydrogen  Bonda  in  Rydrogen 
Peroalda  and  Rirdraaina,"  Traoa.  Boy.  Soe.  Cen.  (Ill),  22,  l-«, 

(»941). 


Ultrayiolet  Spectruw 

Inanisbi,  8.,  *Nota  on  tha  Vltraylolet  Absorption  Speotrun  of  l^dra- 
Bina  Vapor,"  Iglt  J»gp.  Inat,  Tokyo.  U,  *66-7  (l93l)  (Eng.). 


B-13 


I 


laanisbi,  S. ,  "Dltrariolttt  ibaorption  and  fiaaan  Effact  for  ^y^raainc, 
Katnra.  127.  782  (l93l). 


Haaan  Spectrtn 

Dorig,  J.  R.  I  8.  F.  Baah«  and  E.  E.  Mercer,  "Vibration  Spectrin  of 
B)rdrazine-d4  and  a  Raman  Studjr  of  Bjrdrogen  Bonding  in  Bjrdraiine," 

J.  Cben.  Fhva..  W,  4238-4?  (1966). 

Freaenioa,  V.,  and  J.  Karveil,  "Normal  Vibrationa  and  Configuration 
of  Bjrdraaine.  II.  The  Infrared  Spectrua  of  Bjrdraaine,"  J,  Iliya. 

Chem. .  B44.  1-13  (1939)  (Cer.). 

laaniahi,  8.,  "Raman  Effect  of  Liquid  R^draxine,"  Sci.  Pep.  Inat, 
Tokyo,  li,  1-7  (1931). 

laanlabi,  8.,  "Ultraviolet  Abaorption  and  Raman  Effect  for  Rydraxine, 
Nature.  127.  782  (1931 ). 

Sutherland,  C.  B.  B.  M. ,  "Raman  Linea  of  Simple  Polyatomic  Koleculea, 
Nature.  126.  916-7  (1930). 

Index  of  Refraction 


Barrick,  L.  D. ,  0.  V.  Brake,  and  U.  L.  Lochte,  "The  Parachor  and 
Molecular  Refraction  of  Rydraxlne  and  Some  Allphatio  Berivatlvea," 
J.  Am.  Chem.  Soc. .  58,  160-2  (1936). 

Brubl,  J.  V.,  "Ib^raxine,  l^drogen  Peroxide,  Water,”  Chcmiacho 
Berichte.  30.  162-72  (1897)  (Oer.). 

i 

Foaa,  John  G. ,  and  John  A.  Schellman,  "Heaeuremant  of  Ultraviolet 
Indicea  of  Refraction  vith  a  Differential  Refractometer ,"  J,  Chem. 
Rigr.Data.  %  931-3  (1964). 


APPENDIX  C 


PHYSICAL  PROPERTIES  OP  HYDRAZINE 


(U)  The  physical  properties  of  hydrazine  are  presented  in  Table  C-1 .  Figures 
C-1  through  C-8a  are  graphical  illustrations  of  properties  listed  in 
Table  C-1. 


C-1 


PHiSICAL  PROPERTIES  OF  HYDRAZINE 


TABLE  C-1 
(Continacd) 


tiiH  lte  itHHii  lili  i- 


■  ilil  iili  ilii  Hi 


Sii  il 

sn  •■•i  i! 

lir  a;:  n 

HlisiH 


ii:  *■;•  a;;  aii  iii;  !;l;  lii 

Ili  ii_  itu  *i-i  p  41 

••ilL-ntHHi!  iai  !  ri  ii! 

«i  i4i'  i4i«  *4^'  ''r 

I***  !>■> »  **■■■*  >*«  »i  *»«*  ■  *■ 

M-<).  .  *»<  <‘M  Ml’  't! 

IL^it  »4>f  t4*4  .4f« 


|iipi||i|ili| 


iHii  :i  i  liii  t;iiliyiliilillll 


liti  iiiifiiiiiiB 


tHrirtt-  *,t\\  HH  hv  tip  iH'  -itti  fr 

ilii  ilii  iilliin  iii:  ‘ilioiiiinM  u! 

illilMlj  liiiiHiiiiiiiii 

|!|||i||i|  ii| 


i|  i  i  I  •  *  j  I !  I ' ! 

ilii 


i  H  !  ;  ■  I 


i  iii!  !i,i  |ii;  !!!; 

jit,  Ijl)  iijl  ill!  1;..  .  --j- 

iill  i|i'  llii  liji  III  ||  ill  111^  II  iii  iii  11 1^ 


la;  i:  ;  ! 


aa  ;;:;ia.;  : 


ii  ih;  ill:  iii:  iiii  Hiil  iH  ii?:  iii: 

t>  >  I  »*  >  •  I  I  4  I  ■  *  ■  4  ■  *  4^4’ 
.«<  4t<4  •4«4  4444  4.4.  -44 

4.  4-  •  1-44  »*44  444.  444  *444  4.44  .4. 

44  **4>4  444  »444  44>44  44*4  4444  444‘  <44 

'4  4  4>  4l(4  «44>  4444  •444  i  44  •■44  <-4 

■»«  4  »4  4  i«4  44  I  «  I  4  ■  14  4  4  «*»»I 

44  44t4  44*  ■44«  4***  44»4  4444  4*44  4*4 

44  |4  4  «444  4444  44I*  ■444  4444  44-4  444 

4  4  4  <  4  '*4  'I**  “ii*  *il«  ‘1**  4^**  tp 

:aT TiTl  a;;  iJtl  ia? Tla  ait  ;:T 

4*  44*.  j'**  '*•*  *  *  *  *i**  ***  *'* 

4?  -.^4  '-ii  ■4-4  44<*  ■  4  j  I  '  '  ^ 

4  pit  tU  *1**  '"***  *  *  a'*  "*** 


;;;;  lai !/  i  ^  !a:  iii;  Hi 


ll'iip  iii;  ii!;  i-’i:  iill  iii. 

I '  ‘  '  j  ’ '  ■  •  ■  •  •  •  *  4  •  •  • '  j  i  •  * 

'lljff  <-ti*  i*!!  .444 


ill  iii/iiii  iiii  liii  lii: ;:::  aii 


ahiliia  lai  a: 


il;!::  Hill 


.‘4*;:  ;r'.:  O 
;il'  :i:J 


8 


pjg  < 

::*  I  •  ui 
CL 

;;  2 

t'-l  Ui 

:  ii  H 


Figure  C-la.  Density  of  Anhydrous  fh'drazine  (Ref.  C-9  through  C-ll) 
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